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ABSTRACT 
The overall thrust of this project is to gain an insight into a class of surface-
tethered cross-linked thin films of poly(N-alkylacrylamides) that display a lower critical 
solution temperature (LCST).The structure of the alkyl group and the modification of the 
amide groups determine the LCST and resultant volume-phase transition behavior. The 
aim of this study involves synthesis and characterization of thin films and to correlate the 
volume-transition behavior to the structure of the alkyl group. For better understanding 
the volume-transition behavior, the polymer films are perturbed by the Hofmeister salt 
series to examine trends between different alkyl groups. While most of the studies have 
been done with bulk gels, the majority of the applications require the use of gels at 
surfaces and interfaces. Surface attached polymer networks provide an alternative to bulk 
gels showing superior response times, thus efficiency. Hence it is significant to 
understand the impact of confinement on the phase transition behavior of a polymer 
network. Anchoring a polymer network to a surface produces volume phase transition 
perpendicular to the substrate. The parallel swelling and collapse of the network is highly 
restricted due to lateral confinement, thus impacting properties such as structure, 
mechanical properties, dynamics and permeability of the network. Several studies have 
been done with poly(N-isopropylacrylamide) anchored to a substrate, which have shown 
significantly different behavior than unconstrained networks. Notable examples include a 
gradual as opposed to a sharp volume-phase transition, and significantly less swelling 
above and below the LCST. These studies only looked at poly(NIPAAm); therefore it 
ix
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remains unknown if these results are universal and will apply to other LCST polymers. 
Hence, we expanded upon these studies to also investigate a library of different LCST 
polymers belonging to the category of N-alkylacrylamides.  
I have synthesized the copolymers comprising of N-alkylacrylamides and 
methacryloxybenzophenone (MaBP). The benzophenone moiety in MaBP is 
photoreactive, allowing us to cross-link the copolymers by UV irradiation. Surface 
attached thin films were fabricated by spin coating the solution of copolymers and cross-
linking by UV irradiation. The volume phase transitions of the coatings were studied 
under the influence of temperature and the salts of the Hofmeister series. Information 
concerning the state of responsive layers, the precise temperature at which the collapse 
occurs, and the changes in the molecular environment during the transition were 
investigated by ellipsometry and ATR-FTIR. In a longer perspective, understanding the 
transition behavior and the influence of salts governing this transition provides a better 
understanding of the interactions of biopolymers in natural systems. 
 
 
  
x
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CHAPTER 1: INTRODUCTION 
This thesis contains an empirical investigation of volume phase transition in 
thermally responsive coatings. Thermally responsive coatings undergo a reversible 
volume change in response to a temperature variation near the lower critical solution 
temperature (LCST). Below the LCST the polymers expand, becoming hydrophilic and 
water soluble while above the LCST the polymer shrinks, becoming hydrophobic and 
water insoluble. The most common responsive polymers are isomers of the N-
alkylacrylamides, which contain both a hydrophobic moiety and a hydrophilic amide 
group. The size and position of these groups control the temperature at which a volume-
phase transition occurs. In this thesis, I have conducted experiments on several types of 
N-alkylacrylamides to determine the relationship between volume-phase behavior and 
monomer architecture.  
 
 
Figure 1.1 Swelling and deswelling of surface attached polymer network. 
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While most of the studies have been done with bulk gels, of more practical 
importance is the drive from industry to use less material that leads to use of gels in 
confined geometries. In bulk gels a small change in temperature across the critical 
temperature results in as much as a tenfold change in volume but at a very slow rate. 
Since the extent and rate of response depends on the volume of water to be absorbed or 
expelled from the network, scaling down the size of the gel would result in a faster 
response to a stimulus due to their high surface-to-volume ratio and would need 
minimum change in feature size to accommodate swelling and shrinking. Thin network 
films are materials which are confined to a surface, thus offering possibilities for a 
number of applications. Examples include thermally responsive coatings to control cell 
attachment and detachment, to control release of drugs, as scaffolds for tissue engineering 
and in microfluidics. 
Stimuli responsive thin films fall into several categories: (1) self-assembled 
monolayers (SAMs); (2) grafted polymer films referred to as polymer brushes and (3) 
surface attached polymer networks (gels). SAMs are organic assemblies formed by the 
adsorption of molecular constituents from solution or gas phase onto the material surface. 
Polymer brushes are assemblies of polymer molecules that are tethered with one end to a 
substrate. The end of polymer chain is held onto the substrate by physisorption or 
covalent bonding, whereas the bulk of the chain extends into the solution or air interface. 
Surface attached polymer network are much more stable than polymer brushes, where 
polymer chains are attached to surface by one anchoring group while the polymer 
network is linked to the surface by multiple anchoring points. Unlike polymer brushes,
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this thin gel film can be transferred from the surface of one material to the surface of 
another material. Hence it is significant to understand the impact of confinement on the 
phase transition behavior of a polymer network. Anchoring a polymer network to a 
surface exhibit a volume phase transition perpendicular to the substrate. The parallel 
swelling and collapse of the network is highly restricted due to lateral confinement, thus 
impacting the properties of polymer network such as structure, mechanical properties, 
dynamics and its permeability. 
In order to have an in-depth understanding of this transition behavior various 
polymers differing in their alkyl structures, have been synthesized and characterized. By 
cataloging the volume-phase transition in thin cross-linked films, we can understand how 
transition behavior is related to chemical composition and system confinement and how 
those transitions can be harnessed to program specific response into materials. 
Ellipsometry, Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 
(ATR-FTIR), QCM-D have been used to study this transition behavior. Ellipsometry is 
an optical technique that is used to characterize the change in the polarization ellipse 
upon reflection. The polarization change arises due to variations of refractive index in the 
interfacial zone, yielding swelling information. As a result, it provides information 
concerning the state of responsive layers, the precise temperature at which the collapse 
occurs, and the time-scales of the collapse and reswelling. QCM-D a complementary 
technique to ellipsometry, is a surface-sensitive instrument which allows the 
simultaneous measurement of frequency and dissipation changes thus giving information 
about the conformational changes in the polymer network. ATR-FTIR is 
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vibrational spectroscopy method, used to study interactions at molecular level below and 
above the LCST. It sheds light on the amide I and amide II bonds which are sensitive to 
the strength of hydrogen bonds. For better understanding the volume-transition behavior, 
the polymer films are perturbed by the Hofmeister salt series to examine trends between 
different alkyl groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 
 
CHAPTER 2: BACKGROUND AND MOTIVATION 
2.1 Background 
Coatings of thin films to a surface enable the ability to control the interaction with 
the surrounding thus enhancing the properties of the material. Centuries these coatings 
were mostly used for decoration and protection purposes, but today they find their 
application in different high-tech areas, such as computer chips, hard disk manufacturing 
to their use in biomedical and aviation areas.1-4  These coatings can be made by two 
different strategies, one in which the molecules bind to the substrate by physical forces, 
while the other by chemical bonds. In the former case the techniques applied include spin 
coating, dip coating, spray coating etc. However, these physical adsorption has certain 
limitations: they usually suffer from desorption from solvent exposure, delamination, 
dewetting, and displacement by molecules. In the latter case involving chemical bonds, 
the coatings have long term stability. The strategy employed for preparing such layers is 
the use of small molecules with a reactive head that can form a covalent bond with the 
substrate. Such layers are called as self-assembled monolayers (SAMs) and  the process 
is self-limiting – that is, the surface reaction stops when all the reactive ends are 
unavailable.5 
It was in the year 1946 that Bigelow et al 6 first prepared the self-assembled like 
monolayer, but the work by Nuzzo and Allara attracted much interest in SAMs when they 
prepared the layers from dilute solutions of dialkyl disulphides.7 SAMs can be prepared 
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from various methods, such as organosilicon on hydroxylated surfaces 8-11, alkanethiols 
on gold7, 12, 13, silver14 and copper15, 16, dialkyl sulphides on gold17, dialkyl disulphides on 
gold18, alcohols and amines on platinum17 and carboxylic acids on aluminium oxide19, 20 
and silver.21 Recently, SAMs have been used to modify the organic polymer surfaces. 
Whitesides et al first made the systematic attempt to prepare SAMs on polymer 
surfaces.22-24  A “self-assembled” type molecule is created from three distinct parts. The 
first part is the head group that shows strong preferential adsorption to the substrate 
through a chemical bond. The second part is the alkyl chain that is responsible for the 
dense packing and crystalline structure of SAMs. The third part is the terminal functional 
group. The ability to tailor both the head and tail groups makes SAMs a unique method to 
understand the intermolecular, molecule-substrate and molecule-solvent interactions. 
This is a popular method to alter the interfacial properties of a surface, with molecular 
level control over thickness and chemical composition. SAMs offer opportunities to gain 
a fundamental understanding of self-organization, structure-property relationship, and 
interfacial phenomena. For example, by varying the alkyl chain length SAMs can be used 
to shield the interaction between a polymer and a substrate. Polar surfaces can be used to 
study the dipole-dipole interaction in surface adhesion and the surface OH can vary the 
wettability, thus providing an insight into the importance of H-bonding in surface 
phenomena.25 
Polymer brushes are another class of strategy for preparing stable layers. In 1950s 
polymer brushes (tethered polymers) gained attention when it was discovered that 
grafting polymer molecules to colloidal particles was a effective way to prevent 
flocculation.26 The end-grafted polymers can be prepared with controlled length and 
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density and used to determine the physical properties such as thickness and density. 
Polymer brushes can be considered as thin films when the brush height (h) is greater than 
end-to-end distance(‹r2› ½)of the same non-grafted chains, and distance between grating 
points (d) is smaller than end-to-end distance.27 
Polymer brushes have been extensively studied by various groups.28-30  
Confinement of these brushes to a substrate introduces a different response from that of 
an isolated chain in solution. In case of polymer brushes, the chains stretch out from the 
substrate until the excluded volume effect is compensated by elastic energy of polymer 
coils. Different approaches have been adapted for the preparation of brushes; those that 
depend on in-situ polymerization from the substrate (grafting-from) and other use 
prefabricated polymer chains (grafting-to). In-situ polymerization requires a surface with 
attached monomers from which desired polymerization can be initiated. The growth of 
polymer chains from the surface leads to the formation of dense brushes. Moreover, long 
chains can be formed as the termination reaction is less effective than propagation. But 
the major disadvantage is the control on the grafting density. The exposure of the initiator 
carrying surface can also terminate the polymerizing reaction. Initiator efficiency, rate of 
diffusion of monomer to polymerization site and the limitation of initiator surface 
coverage makes this technique complicated. The second method of prefabricated 
polymers helps to determine the length and length distribution, thus enabling the 
selection of chains to make grafted layer and to mix chains of different length and 
chemical structure. Although experimentally straightforward, this strategy suffers from a 
few drawbacks. Firstly, due to steric repulsions it is difficult to form thick and dense 
brushes. Secondly, one needs chain with proper functionality at one end. Thirdly, as the 
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molecular weight of the polymer increases, the reaction with the polymer end-group and 
the complementary group on the substrate becomes less efficient. 
Beside being of interest in surface modification, adhesives, separations, and 
lubrication31-34, the polymer brushes can be used in the area of coatings, where a ultrathin 
and patterned organic films could be prepared to be useful in cell growth control, 
biomimetic material fabrication, microfluidics and drug delivery.  Based on the chemical 
composition and architecture of the polymer chains, the conformation and structure of a 
polymer brush can be varied by external stimuli such as temperature, pH, solvent and salt 
concentration. The polymers exhibiting a conformational change in response to 
temperature are known as thermoresponsive polymers. Poly (N-isopropylacrylamide) 
poly(NIPAAm) is the most extensively studied thermoresponsive polymer. 
poly(NIPAAm) in solution shows a transition temperature of 32°C, but in the case of 
poly(NIPAAm) brushes the transition are broader, occurring over a wider temperature 
range, from 29°C– 40°C.35-37 
As new technology advances towards smaller, thinner and lighter devices, thin 
polymeric gel films have attracted much attention as they can be employed for fabricating 
miniaturized devices with fast response time. They can also be used as responsive 
surfaces and interfaces, where they compete with grafted polymer layers. The 3D 
polymer network is much more stable than polymer brushes as it is attached to the 
surface by multiple anchoring points, whereas polymer brushes are attached to the 
substrate by one functional group.  
While most of the studies have been done with bulk gels, the majority of the 
applications require the use of gels at surfaces and interfaces. Hence it is significant to 
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understand the impact of confinement on the phase transition behavior of a polymer 
network.38 
2.2 Unconstrained and Constrained Polymer Networks 
If the swelling of the unconstrained polymer network (bulk gels) is isotropic, the 
swelling of the constrained (surface-attached) polymer networks is highly anisotropic. 
Figure 2.1 shows a schematic of one and three dimensional swelling. Anchoring a 
polymer network to a surface exhibit a volume phase transition perpendicular to the 
substrate. The parallel swelling and collapse of the network is highly restricted due to 
lateral confinement, thus impacting properties such as structure, mechanical properties, 
dynamics and permeability of the network.39 Because swelling and shrinking of polymer 
networks is a diffusion controlled process, the response time of the bulk gels is very slow; 
therefore reducing the size of the gel can result in faster response.  Polymer networks 
which are chemically bound to a surface allow over a wide range of film thickness, 
combined with mechanical and chemical stability. These networks act as 3D scaffolds 
hosting functional groups with a wide variety of functionalities. Due to the diversity of 
such systems, they can be used in a broad spectrum of applications ranging from 
biotechnology to microsystem engineering.40-44 
Harmon and co workers predicted that surface-attached polymer networks show a 
different behavior than unconstrained networks. They showed that poly(NIPAAM)
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networks attached to a surface undergo a volume change of around 15 fold in contrast to 
a 100 fold change, seen in unconstrained networks. Although the bulk gels shows a much 
greater volume change than the surface attached gel, the latter exhibits a much greater 
linear expansion.38 Figure 2.1 shows a schematic of swelling of unconstrained and 
constrained polymer networks. Surface attachment of the poly (NIPAAm) network 
results in a lower LCST than the unconstrained networks, and it does not completely 
collapse above the LCST.45, 46 
For isotropic, neutral networks, the Flory-Rehner theory describes the relationship 
between cross-link density and the equilibrium swelling in good solvent. For low cross-
link density, this theory predicts that the equilibrium swelling scales with the density of 
crosslinks to the -3/5 power.47, 48  It has been shown that the swelling behavior of surface-
attached poly (dimethylacrylamide) (PDMAAm) is in good qualitative agreement with 
the Flory-Rehner theory. This theory was modified for one dimensional swelling to 
predict that the linear extent of swelling scales to -1/3 power of the crosslink density.38 
It was observed that the presence of a fixed substrate alter the transition 
temperature, especially for those containing a high concentration of ionizable groups and 
at high crosslink density.39 Harmon and co workers showed that volume phase transition 
temperature started decreasing above a critical film thickness and also prevented the 
collapse of thin gel films above the transition temperature.46 
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Figure 2.1: 3D Swelling of hydrogel and 1D Swelling of surface attached gel. 
2.3 Cross-linked Networks of Thermally Responsive Polymers  
A gel or polymer network is a system of polymer chains chemically bridged to 
one another. The key difference between a polymer solution and a polymer gel is that a 
polymer gel is elastic. When a gel is deformed, it shows a restoring force in much the 
same way a rubber resists external pressure. By cross-linking thermally responsive 
polymers, a responsive gel can be formed that can change volume in response to 
temperature. In much the same vein that polymer solutions phase-separate above the 
LCST, a thermally responsive gel collapses in volume above the LCST, expelling internal 
water. Thermally responsive gels, therefore, open opportunities for actuatable structures 
where there is no need for external power operation or feed-back circuitry.  
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2.4 Forces Inducing Phase Transition in Gels 
The phase transition in gels results from a competitive balance between the 
repulsive and attractive force of the polymer network which arise from a combination of 
four fundamental interactions: vander waals, ionic, hydrophobic and hydrogen bonding. 
These four fundamental forces are shown schematically in Figure 2.2 These forces may 
either be independently or jointly responsible in bringing about the transition behavior in 
gels and play an essential role in the unique configuration and chemical reactivity of the 
molecules. 
 
 
 
Figure 2.2 (a-d) Fundamental interactions for volume phase transition in hydrogels. 
(a) 
(b) 
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Figure 2.2 Contd. 
(c) 
(d) 
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2.5 Fundamentals of Volume- Phase Transitions in Cross-linked Thermoresponsive 
Polymers 
Volume-phase transitions in polymer gels was first predicted by Dusek and 
Patterson in 1969. Ten years later, Tanaka49 experimentally observed a volume-phase 
transition in polyacrylamide brought about by  acetone-water mixture. Several 
explanations have been put forth to describe the fundamental events that drive volume-
phase transitions, although none have been conclusively confirmed.  
Some reports suggest that hydrogen bonding in water is responsible for the 
transition. Spectroscopic studies showed that the coil-globule transition takes place due to 
dehydration of both hydrophilic and hydrophobic moieties, enabling the formation of 
intra and interchain hydrogen bonds between hydrophobic moieties.50-52 However, others 
have attributed the chain collapse solely due to hydrophobic interactions.53-57 Therefore, 
it is expected that the change in hydrophobicity of the polymer network would bring 
about a change in the transition behavior. Inomata and co-workers showed that the 
volume phase transition of N-substituted acrylamide gels is dependent on N-alkyl group 
in the side chain.58 They observed that poly(N-n-propylacrylamide), poly(NnPAAm) 
showed a discontinuous volume transition similar to poly(N-isopropylacrylamide), 
poly(NIPAAm), whereas poly(N-cyclopropylacrylmide), poly(NcPAAm) exhibited a 
continuous transition. This behavior was due to the strength of the hydrophobic 
interaction which was believed to be proportional to the number of water molecules 
around the hydrophobic solutes.55   
  The difference in the transition behavior and the LCST was also attributed to the 
dynamic volume, solvent contact area and rigidity of the side groups of N-
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alkylacrylamides.59 Dynamic volume refers to the number of water molecules which an 
N-alkyl substituent disrupts while surpassing the lower critical solution temperature.  The 
rigidity of poly(NnPAAm) was found to be more than poly(NIPAAm), implying that a 
elongated structure of n-propyl group is more suitable for a compact confirmation than 
the iso-propyl group.57 The increase in stiffness value of the poly(N-alkylacrylamides) 
was attributed to the hydrophobic interactions.57, 60, 61 
The thermoshrinking of poly(NIPAAm) is an entropically driven transition. 
Heskins and Guillet62 first proposed the thermodynamic origin of the LCST. The Gibbs 
free energy of the system is given by, 
 
ܨ ൌ ܨ௠௜௫ ൅ ܨ௘௟௔௦௧௜௖                                                                                                                               (2.1) 
Where Fmix and Felastic are  the free energy of mixing and free energy of elasticity. The 
osmotic pressure is defined as, 
∏ ൌ డிడ௏                                                                           (2.2) 
డி
డ௏ ൌ
డி೘೔ೣ
డ௏ ൅ 
డி೐೗ೌೞ೟೔೎
డ௏                                                                                                                 (2.3) 
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At equilibrium 
డி೘೔ೣ
డ௏ ൅ 
డி೐೗ೌೞ೟೔೎
డ௏ ൌ 0                                                                                                                               (2.4) 
or we can say, 
∏mix ൅ ∏elastic ൌ 0                                                                                                                                    (2.5) 
Therefore, 
Osmotic stress of mixing = - (Osmotic stress of elastic) 
∏mix = ௞ಳ்ణభ ሾ߮ ൅ lnሺ1 െ ߮ሻ ൅ ߯߮
ଶሿ                                                                                                      (2.6) 
∏elastic = ‐kBT0ߴ଴ ൤ቀ ఝఝబቁ
ିଵ െ ܤ ቀ ఝఝబቁ൨                                                                                                     (2.7) 
௞ಳ்
ణభ ሾ߮ ൅ lnሺ1 െ ߮ሻ ൅ ߯߮
ଶሿ ൌ ‐kBT0ߴ଴ ൤ቀ ఝఝబቁ
ିଵ െ ܤ ቀ ఝఝబቁ൨                                                             (2.8) 
ሾ߮ ൅ lnሺ1 െ ߮ሻ ൅ ߯߮ଶሿ ൌ െߴଵߴ଴ ൤ቀ ఝఝబቁ
ିଵ െ ܤ ቀ ఝఝబቁ൨                                                                     (2.9) 
Considering ߙ ൌ ଵఝ  and ߮଴ ൌ 1 in the case of one dimensional swelling 
So, we can write the above equation as, 
൤ߙ ൅ ln ቀ1 െ ଵఈቁ ൅ ߯ ቀ
ଵ
ఈቁ
ଶ൨ ൌ െߴଵߴ଴ ቂሺߙሻ െ ቀ஻ఈቁቃ                                                                          (2.10) 
߯ ൌ ቂߴଵߴ଴ ቀߙ െ ஻ఈቁ െ
ଵ
ఈ െ ln  ቀ1 െ
ଵ
ఈቁቃ ߙଶ                                                                                        (2.11) 
Where as ߴ଴ ൌ ఝణభே                                                                                                                               (2.12) 
߮଴ ൌ 1                                                                                                                                      (2.13) 
߯ ൌ ߙଶ ቂെ ଵே ቀߙ െ
஻
ఈቁ െ
ଵ
ఈ െ ln  ቀ1 െ
ଵ
ఈቁቃ                                                                                          (2.14) 
Where, kB is the Boltzman constant, α is the elongation ratio, φ is polymer volume 
fraction in unswollen state, φ0 is the polymer volume fraction in dry state, N is effective 
polymerization index, χ is the polymer-solvent interaction parameter, ߴଵ is the volume of 
one solvent molecule, ߴ଴ is the effective crosslink number density, B is equal to 2 / f 
where f is functionality of crosslinks. 
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Figure 2.3 Dependence of interaction parameter in bringing up phase transition. 
2.6       Benzophenone Chemistry for Fabricating Thin Films 
Thin films can be fabricated by cross-linking of copolymers containing photo 
reactive pendant groups or monomers like benzophenone or 4-cinnamoylphenyl 
methacrylate with UV irradiation. This technique enables us to fabricate thin films with 
controllable thickness and cross-link density.41,63-65 We have used this strategy to prepare 
thin films by photo cross-linking N-alkylacrylamides using benzophenone modified 
pendent groups. 
Benzophenone (BP) groups are essentially used due to the following three 
advantages.66, 67 
1. BPs is chemically more stable 
2. BPs can be manipulated in ambient light and activated at 350-360 nm avoiding 
polymer and protein damaging wavelengths. 
3. BPs can preferentially react with any unreacted C-H bonds. 
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UV irradiation (λ=350 nm) triggers the nπ* transitions in the benzophenone moieties 
leading to a biradicaloid triplet state that abstracts a hydrogen from the neighboring 
aliphatic C-H group, forming C-C bond. 
2.7       Influence of Molecular Structure on the Volume Phase Transition 
The phase transition behavior of thermoresponsive gels is influenced by the 
chemical structure of the side chains.68 The ratio of hydrophobic to hydrophilic parts of 
the polymer is known to have a pronounced effect on the transition temperature of these 
polymer gels.69-72  
The swelling behavior of poly (N-n-propylacrylamide) poly (NnPAAm), poly (N-
isopropylacrylamide), poly (NIPAAm) and poly (N-cyclopropylacrylamide), poly 
(NcPAAm) have been investigated to study the influence of the alkyl groups on the 
transition temperature. It was found that the po;y (NnPAAm) and poly (NIPAAm) had a 
discontinuous transition at 22°C and 32°C respectively and poly (NcPAAm) showed a 
continuous transition between 40 - 50°C.55 The authors attributed this behavior to the 
strength of hydrophobic interaction. They predicted that the interaction is proportional to 
the number of water molecules surrounding the alkyl groups. Similarly Serker and others 
observed that the swelling behavior changed from a continuous to a discontinuous type 
when the alkyl group was changed from ethyl to propyl. The LCST is quite sensitive to 
the structure of both the amide and hydrophobic groups. For instance, subtle changes in 
the hydrophobic group can lead to drastic changes in the LCST, as summarized in Table 
2.1 
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Table 2.1 LCST of aqueous solution of poly ( N-alkylacryl)amides) 
Poly(N-alkylacrylamides) LCST (°C) Ref Figure 
N-isopropylacrylamide 32-34 62, 73, 74 
 
N-n-propylacrylamide 22-25 52, 75, 76 
 
N-cyclopropylacrylamide 40-50 52, 77 
 
N –diethylacrylamide 30-32 73, 78, 79 
 
 
    N-vinylisobutyramide 
 
45 
80-82 
 
 
N-ethylmethacrylamide 
 
80 
83-85 
 
 
N-vinylcaprolactam 
 
32 
86, 87 
 
 
N-vinylpyrrolidone 
 
30 
88 
 
 
2.8       Applications 
Thermoresponsive polymers permit the development of so-called smart materials 
that can respond to temperature. Smart materials have the ability to detect their 
environment and change their properties dynamically. For instance, poly(N-
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isopropylacrylamide) has facilitated advances in drug delivery, microfluidic-based 
separations, cell attachment detachment and tissue engineering. Each of these examples 
will be expanded upon below. 
2.8.1 Microfluidic-Based Separations 
Microvalves are one of the most important microfluidic components. Besides 
pumps and flow sensors, a fully functional valve is a key component in microfluidic 
systems that regulate the flow in it. In recent years, developing microfluidic systems for 
biological and chemical applications has been a major challenge.89-91 Conventional 
microactuators (using, for example, electromagnetic, electrostatic effects) require 
external power for operation and are relatively complex assemblies, which limits their 
use in practical systems. Thermo-responsive polymers have a significant advantage over 
conventional microfluidic actuators due to their ability to undergo volume phase 
transition with respect to surrounding temperature without the requirement of an external 
power source. Usually, in the microfluidic system, the valves in the form of responsive 
polymer are fabricated within the microfluidics channels and can shrink or swell in 
response to temperature that in turn cause opening or closing of channels, respectively.92-
94  
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Figure 2.4 Opening and closing of a valve in the microfluidic device. 
2.8.2 Tissue Engineering 
The volume phase transition of poly(NIPPAm) with respect to change in 
temperature has been explored for designing tissue engineering scaffolds. Rat cardiac 
cells suspended in poly(NIPAAm)-grafted gelatin solution was developed into a 
synchronously contracting 3-dimensional tissue in vitro.95 Using similar approach, 
chondrocytes suspended in poly(NIPAAm)-grafted gelatin were characterized in vitro96 
and in vivo.97 While both systems use gelatin as the backbone, the grafted 
poly(NIPAAm) provides the thermoresponsive properties to allow precipitation close to 
the body temperature. Such polymer systems can be used in minimally invasive 
interventions, producing an engineered-tissue with embedded cells that are capable of 
living and functional. 
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Figure 2.5 Proliferation and migration of cells into the pores of tissue engineering 
scaffold.  
2.8.3 Drug Delivery 
In drug delivery systems, it is always important to control how much of the drug 
is being released to the body.  If the drug released too much then it can be harmful, but 
too little of it may limit its effectiveness. Hence, delivery of drugs at the optimal dosage 
for optimal lengths of time will make them more effective and more powerful. This can 
be achieved effectively using thermoresponsive polymer owing to its change in volume 
phase transition with respect to temperature. When polymer is sensibly combined with a 
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drug and released in the body it absorbs water and other fluids and swells. The swelling 
increases the aqueous solvent content within the formulation as well as the polymer mesh 
size, enabling the drug to diffuse through the swollen network into the external 
environment.98-100 
 
Figure 2.6 Drug delivery. 
2.8.4  Cell Attachment and Detachment 
The volume phase transition behavior of thermoresponsive polymers can be used 
to culture dishes for cells.101-103 Experiments have shown that e-beam grafted poly 
(NIPAAm) on tissue culture polystyrene dishes resulted in the detachment of cells below 
the LCST. But above the LCST the cells attach, spread and proliferate.104  Cell removal 
from these surfaces provides an alternative to the traditional methods such as mechanical 
dissociation and enzymatic digestion. The traditional methods have been shown to be 
damaging to both cells and underlying extra cellular matrix. 105, 106 
 
Figure 2.7 Cell detachment and attachment. 
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2.9 Influence of Different Compounds on Transition Behavior of 
Thermoresponsive  Polymers  
2.9.1 Hofmeister Series Effect on Volume Phase Transition 
The addition of salts can alter the transition behavior of the polymer network and 
the magnitude of this change depends on the nature of the individual ions.107, 108 It is 
believed that the relative efficiency of the ions follows the Hofmeister series.109, 110 The 
Hofmeister series is a rank of ions based on their propensity to precipitate a mixture of 
hen egg white protein.111 This behavior is more pronounced for anions than cations and is 
a general phenomeanon. The ordering of the anion series is: 
CO32- > SO42- > S2O32- > H2PO4- > F- > Cl- > Br- > ~ NO3- > I- > ClO4- > SCN-  
The species to the left of Cl- are called as kosmotropes or “water makers” and to the right 
are called as chaotropes or “water beakers”.112 
Influence of salts on phase separation of  synthetic polymers was also 
observed.The effects of anions and cations on the cloud point of poly(NiPAAm) 
oligomers were investigated by Freitag et.al.113 They observed that the cloud point was 
lowered as a function of the salt concentration by the presence of different anions 
(salting-out effect) with the exception of iodine which showed a slight rise in the cloud 
point at low concentration. Cations showed no significant effect. The phase separation is 
described as an effect of the hydrophobic interactions and the disruption of hydrogen 
bonds.113 The ordering and disordering of ions on the solvent structure was interpreted in 
terms of viscosity B coefficients, which are used to represent the ion-solvent interactions. 
Ions with negative viscosity B coefficient break the structure of water and those with 
positive coefficients strengthen the water structure.114  
 
 
 
25 
 
In case of poly(NIPAAM) hydrogel, the LCST decreased with an increase in salt 
concentration. It was also shown that the volume of the gel decreased as the salt 
concentration increased.115, 116 When probed with a (QCM-D) it was seen that 
poly(NIPAAm) brushes grafted from a QCM-D crystals also showed a decrease in 
transition temperature with an increase in salt concentration.117 
Originally, it was thought that the influence of ions on the macromolecular 
properties was caused by “making” or “breaking” bulk water structures. However recent 
experiments suggest that they cause negligible change in bulk water structure.118, 119 Due 
to the complexity of processes, which carry out in the polymer chain, water solution and 
solvate shell of immersed molecules, the mechanism of this process is still not clear. 
Studies have showed that the effect of ions can be explained by three types of interactions 
of ions with polymer and its hydration waters.  First, ions can polarize adjacent water 
molecule and weaken hydrogen bonding between polymer and water. Second, ions can 
interfere with the hydrophobic hydration of the macromolecule by increasing surface 
tension of the hydrophobic moieties. Third, ions may bind directly to the polymer.120 
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CHAPTER 3: MATERIALS AND METHODS 
3.1  Reagents 
N-isopropylacrylamide (NIPAAm), N-vinylcaprolactam (NVCL), N-
vinylpyrrolidone (NVP), N, N-diethylacrylamide (N,N-DEAAm), azobisisobutyronitrile 
(AIBN), the various solvents as mentioned in chapter 3 were purchased from sigma-
aldrich. N-n-propylacrylamide and N-ethylacrylamide were purchased from Monomer-
Polymer and Dajac Labs and purified by distillation.  4-hydroxybenzophenone, 
methacroyl chloride and triethylamine used in the synthesis of 
methacryloxybenzophenone (MaBP) were purchased from sigma-aldrich. 
Cyclopropylamine and acryloyl chloride were also purchased from Aldrich. Table 3.1 
shows the structure and functions of the reactants used for the polymer synthesis in this 
work. 
Table 3.1 Role of the different reactants in polymerization 
Structure    Name Function 
 
N-isopropylacrylamide 
Monomer, 
thermoresponsive 
component 
 
N-n-propylacrylamide 
Monomer, 
thermoresponsive 
component 
 
N-cyclopropylacrylamide 
Monomer, 
thermoresponsive 
component 
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N,N-diethylacrylamide 
Monomer, 
thermoresponsive 
component 
 
N-ethylacrylamide 
Monomer, 
thermoresponsive 
component 
 
N,N-
dimethylmethacrylamide 
Monomer, 
thermoresponsive 
component 
 
N-vinylisobutyramide 
Monomer, 
thermoresponsive 
component 
 
N-vinylcaprolactam 
Monomer, 
thermoresponsive 
component 
 
N-vinylpyrrolidone 
Monomer, 
thermoresponsive 
component 
      
     Azobisisobutyronitrile 
 
Initiator 
 
Methacryloxybenzophenone 
Monomer, 
crosslinking 
component 
 
 
 
O
O
O
Table 3.1 (Contd.) 
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3.2 Synthesis 
The polymers in this work were prepared by free radical polymerization. In this 
method the primary monomer, the crosslinker and initiator were dissolved in an 
appropriate solvent and added to a schlenk tube. The reaction mixture was purged with 
nitrogen to remove any dissolved oxygen that otherwise retards the polymerization. 
Figure 3.1 illustrates the polymerization mechanisms. Details of polymerization for each 
monomer are explained in chapter 3. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Copolymerization of MaBP and N-alkylacrylamides. 
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3.3 Formation of Surface-Attached Thin Films 
Thin polymer films were prepared by spin-casting solutions of the polymer at the 
appropriate spin speed for 1 min. Typical solvents were cyclohexanone and methanol. 
For QCM-D the gold substrate was cleaned with ozone, piranha solution and ozone to 
remove any organic impurities followed by spin casting a solution of polymer at a speed 
of 3500 for 1 min. In the case of ellipsometry, the quartz substrate was cleaned with 
plasma followed by a deposition of 1wt % solution of 3-aminopropyltriethoxysilane in 
acetone and spin casting a solution of polymer at a speed of 2000 rpm for 1 min. Once 
the film was formed, cross-linking and surface attachment were accomplished by 
exposing the film to UV light (360nm) for 30 minutes. Figure 3.2 shows the 
photochemical cross-linking reaction for the N-alkylacryalmides copolymers. 
 
Figure 3.2 Photochemical techniques for the surface fabrication of thermoresponsive 
polymers. 
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3.4 Characterization Technique 
3.4.1 Ellipsometry 
3.4.1.1 Theory of Ellipsomtery 
Ellipsometry is a technique used to measure the optical properties and physical 
structure of thin films. It is a non destructive technique that is based on the principle that 
upon reflection of a monochromatic linear polarized light on a substrate under the angle 
of incidence, θ the relative phases of its electrical components are changed and an ellipse 
is formed. Figure 3.3 The power of ellipsometry derived from its ability to provide two 
parameters (Ψ, Δ), called ellipsometric angles, in a single measurement. They are 
expressed in the following equation, also called the fundamental equation of ellipsometry 
as: 
ߩ ഥ  ൌ   ௥೛௥ೞ ൌ ݐܽ݊ߖ݁
௜௱                                                                                                 (3.1) 
Here, Ψ can vary between 0° and 90° and Δ between 0° and 360° and measures the 
differential change in amplitude and phase, respectively. These values are related to the 
Fresnel reflection coefficients, rp and rs, which are complex quantities that describe the 
ratio of the reflected electric field to that of the incident field in the p and s that is in the 
parallel and perpendicular direction respectively. 
ݎ௣ ൌ ࡱ೛
ೝ೐೑೗೐೎೟೐೏
ࡱ೛೔೙೎೔೏೐೙೟                       ݎ௦ ൌ
ாೞೝ೐೑೗೐೎೟೐೏
ாೞ೔೙೎೔೏೐೙೟                                                                   (3.2) 
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Figure 3.3 Schematic diagram of ellipsometry. 
3.4.1.2 Experimental Protocol  
1.   The substrate, LaSFN9 prism is cleaned with plasma followed by a deposition 
of 1 wt% 3-aminopropyltriethoxysilane in acetone. 
2. Polymer solution was spin cast on the freshly prepared substrate. 
3. The film was then cross-linked by irradiating with UV light (λ=365nm) for 30 
minutes. 
4. Straight line alignment was done by rotating the sample holder and detector to 
90° position. 
5. One end of the solution cell was sealed against the sample holder. 
6. The substrate was vacuum sealed against the open end of the solution cell. 
7. Then the alignment was done at 45° by rotating the sample holder and detector 
to 45°. 
8. Bring the sample holder to 0° so that the laser beam hits the centre of the edge 
of the prism.  
9. Rotate back the sample holder to 45° and check for alignment. 
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10. Find the Brewster angle, Ψ and Δ for the dry film by scanning from 20° to 45°.  
11. Add solvent (DI water and salt solution in our case) to the solution cell. Wait for 
sometime so that Ψ and Δ remain constant. Measure the new Brewster angle, Ψ 
and Δ by scanning from 36° to 55°. 
12. Finally an iterative procedure (least-squares minimization) is applied by varying 
the refractive indices and thickness and Ψ and Δ values are calculated using the 
Fresnel equation. The calculated Ψ and Δ values, which match the experimental 
data best, provide the optical constants and thickness parameters of the sample. 
Figure 3.4 elucidates the ellipsometry data and fits. 
                    
 
Figure 3.4 (a, b) Ellipsometry data and fits. 
 
(a)
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Figure 3.4 Contd.  
3.4.2 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-
FTIR) 
3.4.2.1 Principles of ATR-FTIR 
FTIR spectroscopy analyses the interaction of IR radiation with a sample. It 
measures the frequency and the intensity of the absorption (Figure 3.4). Determining the 
frequency helps to study the chemical bond transformation, since chemical functional 
groups absorbs radiation at specific frequencies. The key components of the instrument 
source, interferometer, beamsplitter and detector. The purpose of the beamspiltter is to 
split the light beam in two so that some of the light reflects off the moving mirror and 
some reflects off the fixed mirror. Interferometer is an optical device that causes two 
beam of light to travel different distance. Thus, it measures all the frequencies 
simultaneously by modulating the intensity of individual frequency before the detector 
records the signal. The product of an interferometer scan, termed interferogram (a plot of 
(b) 
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infrared detector response versus optical path difference) cannot be interpreted in its 
original form.  These are Fourier transformed to give infrared spectra. ATR (attenuated 
total reflectance) utilizes the phenomenon of total internal reflection. In ATR, a beam of 
infrared radiation impinges on the crystal of high refractive index. The infrared radiation 
sets up an evanescent wave which being slightly bigger than the crystal penetrates a small 
distance beyond the crystal surface. Samples brought in contact with the surface absorb 
the evanescent wave giving rise to an infrared spectrum. The distance to which the wave 
penetrates the sample is known as the depth of penetration (DP). DP is given by the 
following equation 
 
DP ൌ ଵଶ஠WNౙሺୱ୧୬మ஀ିN౩ౙమ ሻభ/మ                                                                                               (3.3) 
where:  
   DP = depth of penetration 
   W= wavenumber 
   Nc = refractive index of crystal 
   Θ = angle of incidence 
   Nsc = N sample / N crystal 
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Figure 3.5 Schematic representation of ATR-FTIR. 
3.4.2.2 Experimental Protocol 
1. The background spectrum of the bare crystal was taken. 
2. Then 0.5 wt % of the polymer solution was cast on to the ZnSe crystal. 
3. The crystal was heated to the boiling point of the solvent to evaporate the 
solvent and form a thin film. 
4. The film was then cross-linked by irradiating with UV light (λ=365nm) for 30 
minutes. 
5. Spectrum of the sample was taken in neat and aqueous phase for a temperature 
range from below the transition temperature to above the transition temperature 
of the various thermoresponsive polymers. The spectrum was collected in 
absorbance mode. 
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6. The number of scans was 100, resolution 4cm-1 and spectral ranges were in the 
region between 4000-400cm-1. 
7. The crystal background was subtracted from the samples for each run. 
3.4.3  Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 
3.4.3.1 Principles of QCM-D 
Quartz crystal microbalance is an ultrasensitive weighing device that uses the 
principle that a piezoelectric crystal changes its oscillation frequency when a mass is 
deposited or removed from the crystal surface. With the advent of QCM-D technique, the 
dissipation factor (D), essentially a measure of the damping characteristics of the film, 
was concurrently measured with the resonant frequency and then used to extract 
information on the viscoelastic and structural properties of thin films. Sauerbrey121 
showed that if the film is thin and rigid the decrease in frequency is proportional to the 
mass of the film according to the following equation: 
∆݂ ൌ െܥ௠∆݉ ൌ െܥ௠ߩி∆ݐி                                                                                   (3.4) 
ܥ௠ ൌ ଶ௙೙
మ
௡ఘ೜௩೜                                                                                                                (3.5) 
where: 
   Δf = change in frequency                             Δm= mass of film added 
   ρF = density of film                                       ΔtF= film thickness 
   Cm = proportionality constant                       fn2= resonant frequency of                               
                                                                                               bare crystal 
   n= overtone                                                   ρq = density of crystal 
   vq= shear wave velocity of the crystal 
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           But in the case of a viscoelastic film the above equation is inappropriate to analyze 
the data and we interpret the data in context of Kelvin-Voigt model adopted from 
Voinova et al.122  This model is based on the spring dashpot mechanism as shown in 
Figure 3.6. Here the spring & dashpot are in parallel. When a shear stress is applied to the 
Voigt element, the spring captures the elastic response (energy stored) and the dashpot 
captures the viscous resistance (energy lost). The following equations describes the shifts 
in resonant frequency Δf and dissipation ΔD: 
Δ݂ ൌ െ ௛ఘఠଶగఘ౧௛బ ቂ1 െ
ఎೞ
ఎ ቀ
ሺఛೝఠሻమ
ଵାሺఛೝఠሻమቁቃ ൅ Δ ௦݂                                                                    (3.6) 
 
∆ܦ ൌ ௛ఘఘ౧௛బ ቂ
ఎೞ
ఎ ቀ
ఛೝఠ
ଵାሺఛೝఠሻమቁቃ ൅ ∆ܦ௦                                                                                 (3.7) 
where ρq and ho are the density and thickness of the quartz resonator, respectively and ηs 
is the viscosity of the solvent. The product τrω is the ratio of the loss modulus to the 
storage modulus, also known as tan δ.The terms Δfs and ΔDs correspond to the changes in 
the resonant frequency and dissipation of the uncoated crystal. 
 
 
Figure 3.6 Schematic diagram of spring-dashpot model. 
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3.4.3.2     Experimental Protocol 
1. The gold coated crystal were first treated with UV ozone followed by base 
piranha solution (5:1:1 mixture of DI water, ammonium hydroxide and 
hydrogen peroxide) at 70°C for 10 min. The crystals were then rinsed 
thoroughly in DI water, dried by nitrogen purge and finally treated again with 
UV ozone. 
2. The flow modules were first cleaned with SDS solution followed by DI water 
for 15 min and finally dried by purging nitrogen. 
3. Then a bare crystal was mounted and its frequency and dissipation measured, 
followed by flowing DI water and recording the resultant changes in frequency 
and dissipation. 
4. To the above crystal 1wt % polymer solution in cyclohexanone was deposited 
and spun at 3500rpm for 30seconds to get a uniform thin coating. 
5. The above coating was then cross-linked by UV irradiating for 30 min and 
mounted on the module. 
6. The frequency and dissipation changes of the coated crystal in air and water 
were recorded. 
7. The flow rate was kept constant at 0.1 mL/min and the temperature was ramped 
at 1.0 °C/min in between 15 and 40 °C. 
8. QCM-D data was interpreted by implementing the model presented by 
Voinova.122 
9. We used the Risk Solver Platform to fit the simulated and experimental Δf and 
ΔD to determine the shear modulus, retardation time, and thickness of polymer.  
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The viscosity of water was calculated at the given temperature and entered as a 
fixed value. The density of water and polymer was considered to be 1000 kg/m3 
at all temperatures. Initial guesses of shear modulus (μ), viscosity (η), and 
thickness (h) were provided and the fitting routine was carried out until the sum 
of the squares of the residuals was minimized. Figure 3.7 shows the workflow 
for data fitting. 
 
Figure 3.7 Workflow for data fitting 
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CHAPTER 4: SYNTHESIS AND CHARACTERIZATION OF N- 
ALKYLACRYLAMIDE POLYMERS 
4.1 Synthesis of Methacryloxybenzophenone (MaBP) 
Synthesis of methacryloxybenzophenone was carried out at 0°C in acetone by 
using 4-hydroxybenzophenone and methacroyl chloride. Triethylamine (TEA) was used 
as an acid scavenger. Prior to synthesis acetone and triethylamine was distilled. 4-
hydroxybenzophenone, methacroyl chloride and triethylamine were used in a ratio 0f 
1:2:2 respectively. Fig 3.1 shows the schematic of the reaction. Being, an exothermic 
reaction, methacroyl chloride was added dropwise to a round bottom flask containing 4-
hydroxybenzophenone, TEA and acetone. The flask was kept in an ice bath. The reaction 
was run for 5-6 hours, after which the product was collected. The purification of the 
product was done by column chromatography using silica gel as the stationary phase and 
benzene as the mobile phase. Finally, the product collected was dried under vacuum and 
characterized using nuclear magnetic resonance (NMR). 
 
Fig 4.1 Schematic of synthesis of MaBP. 
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4.2 Characterization of MaBP 
MaBP was characterized using an INOVA 400 NMR spectrometer. An aromatic 
peak between 7.2-8.0 and methyl peak at 1.0 (Figure 4.2). 
 
 
Figure 4.2 NMR spectrum of MaBP. 
4.3 Synthesis of Cyclopropylacrylamide (cPAAm) 
Synthesis of cyclopropylacrylamide (cPAAm) was carried out at 0°C by using 
cyclopropylamine, acryloyl chloride and triethylamine in a ratio of 1:1:2 (Figure 4.3). 
Benzene was used as the solvent. A three mouth round bottom flask (reaction flask), 
reflux condenser, additional funnel, stir bar and single mouth round bottom flask was 
used. All the glassware’s were rinsed with benzene and purged with argon. In the single 
mouth round bottom flask appropriate amount of benzene was taken and purged with 
argon. One end of a long needle was put to the round bottom flask containing benzene 
and the other end was to the additional funnel and the required amount of benzene was 
taken in the additional funnel and then the additional funnel was turned on to collect the 
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benzene in the reaction flask. Now take acryloyl chloride and add it with the help of a 
syringe to the reaction flask. After this a small amount of benzene was added in the 
additional funnel followed by triethylamine. Now under argon atmosphere the required 
amount of cyclopropylamine was transferred into the additional funnel and the funnel 
was shaken for a while, followed by dropwise addition of the solution mixture into the 
reaction flask. The reaction was run overnight in an ice bath under the argon atmosphere. 
After that the reaction mixture was filtered and the product subjected to freeze-thaw cycle 
and dried under vacuum. Finally NMR was done on the product. 
 
 
 
Figure 4.3 Schematic of synthesis of cPAAm. 
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4.4  Characterization of cPAAm 
cPAAm was characterized using NMR.  
           
  
 
Figure 4.4 NMR of cPAAm. 
4.5 Synthesis of NVIBAm 
NVIBAm was synthesized in a two step process. In the first step 3-
isobutyryloxalidin-2-one was prepared using oxazolidin-2-one, butyl lithium and THF. A 
two mouth round bottom flask with an additional funnel was purged with argon prior to 
the addition of the reactants. Oxazolidin-2-one was added to the round bottom flask, 
followed by drop wise addition of THF from the additional funnel. The reaction flask was 
kept in a dry ice bath on the top of a stir plate for the reactants to mix properly. After that 
butyl lithium was added drop wise to the round bottom flask and the reaction went on for 
few hours. Finally, with the help of a syringe isobutyrylchloride was added directly to the 
round bottom flask and stirred for 1 hour, followed by quenching the above solution in an 
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aqueous sodium bicarbonate solution. The above solution was transferred to a separatory 
funnel and extracted four times with methylene chloride to get the desired fraction. 
Sodium sulfate was added to the organic fraction to remove moisture, followed by 
filtrating the solution and removing the solvent under reduced pressure. All the reactants 
were transferred with a precision syringe and in the presence of argon (Figure 4.5). 
The second step involves the reaction between 3-isobutyryloxalidin-2-one from 
step one and lithium diisopropylamide (LDA) to produce N-vinylisobutyramide. In a two 
mouth round bottom flask LDA and THF were added. The addition was done inside a 
glove box. After that the flask was taken out from the glove box and brought below a 
previously argon purged additional funnel. The product from step one was diluted in THF 
purged with argon and then transferred with a syringe into the additional funnel. This 
diluted solution was then added drop wise to the reactants in the round bottom flask and 
the reaction went on for few hours. After that the above solution was quenched in 
ammonium chloride followed by extraction in dichloromethane and removal of the 
moisture in sodium sulfate. Then the solution was filtered and subjected under a rotovap 
for removal of solvents (Figure 4.6). 
Step 1: 
 
 
Figure 4.5 Schematic of synthesis of NVIBAm. 
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Step 2:  
 
Figure 4.5 Contd. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 NMR spectrum for N-vinylisobutyramide. 
4.6  Co-polymer Synthesis of N-alkylacrylamides 
4.6.1   Synthesis of Poly (NIPAAm-co-MaBP)  
Poly (NIPAAm-co-MaBP) was copolymerized with 3 mol% MaBP and 1mol % 
azobisisobutyronitrile (AIBN) as the initiator. Dioxane used as the solvent was distilled 
8 7 6 5 4 3 2 1 0
  ( p p m )
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prior to the reaction. In a schlenk tube appropriate amount of the reactants was taken and 
the mixture degassed with nitrogen by freeze-thaw cycle. After that the reaction mixture 
was kept in a water bath at 70°C for 18 hours, followed by precipitating in diethyl ether. 
The product obtained was white in color, which was transferred into another schlenk tube 
and dried under vacuum. NMR was finally done to confirm the product.  
4.6.2 Synthesis of Poly (nPAAm-co-MaBP) 
Synthesis of Poly (nPAAm-co-MaBP) was carried out using 3 mol% MaBP and 1 
mol% AIBN in 20 ml dioxane. After adding the reactants it was subjected to freeze-thaw 
cycle for four times to remove the oxygen bubbles. The mixture was then kept for 
polymerization in the water bath at 60°C for 18 hours. Aluminum foil was wrapped 
around the schlenk tube to avoid the exposure to light. The solution turned viscous after 
the polymerization and this mixture was kept under vacuum to remove the solvent. After 
the solvent removal we are left with white polymer chunks, which was dissolved in little 
acetone and precipitated in diethyl ether, followed by vacuum to get a purified product. 
4.6.3 Synthesis of Poly (cPAAm-co-MaBP) 
Poly (cPAAm-co-MaBP) was copolymerized with 3 mol% MaBP and 1 mol % 
AIBN as the initiator. The reactants were added to round bottom flask having a stir bar. 
Methanol was used as the solvent. The reaction mixture was stirred for few minutes to 
dissolve the reactants. The flask was then kept in an ice bath under the argon atmosphere 
for 20 minutes. Polymerization was then carried out overnight by placing the reaction 
flask in the oil bath at 70°C. After polymerization the mixture was precipitated first in 
hexane followed by reprecipitation in acetone. Then the product was dried under vacuum 
to get a white powder. 
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4.6.4 Synthesis of Poly (N, N-DEAAm-co-MaBP) 
Co-polymerization of N, N-DEAAm-co-MaBP was carried out using 3 mol % 
MaBP and 1 mol % AIBN in a schlenk tube. Toulene was used as the solvent. The 
reaction mixture was freeze thawed for 3-4 times, followed by nitrogen purging for few 
minutes. Then the mixture was kept for polymerization in water bath at 60°C for 22 
hours. After the polymerization the schlenk tube was kept under vacuum for solvent 
removal. Purification was done by precipitating in n-hexane. 
4.6.5 Synthesis of Poly (N-EMAAm-co-MaBP) 
Poly (N-EMAAm-co-MaBP) was synthesized using 3 mol% MaBP and 1 mol% 
AIBN in dioxane. The reaction mixture was freeze thawed for 3-4 times, followed by 
nitrogen purging for few minutes. Then the mixture was kept for polymerization in water 
bath at 60°C for 18 hours. After the completion of the reaction it precipitated in diethyl 
ether, flowed by drying under vacuum to get a purified product. 
4.6.6 Synthesis of Poly (NVCL-co-MaBP) 
Polymerization of NVCL-co-MaBP was carried out using N-vinylcaprolactam, 3 
mol% MaBP and 1 mol % AIBN in dioxane. Prior to polymerization N-vinylcaprolactam 
was distilled under vacuum and stored at 4°C. In a schlenk tube NVCL, MaBP and AIBN 
was added with a stir bar and flushed with nitrogen for 15 min. Then deoxygenated 
dioxane was added and degassed 3 times by freeze-thaw cycle. After that the tube was 
kept in a water bath at 70°C for 24 hrs for polymerization. Once the polymerization is 
done, the product was dissolved in DMF, followed by precipitation in diethyl ether to get 
a purified product. 
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4.6.7 Synthesis of Poly (NVP-co-MaBP) 
Prior to synthesis, NVP was first dried successively over KOH and CaH2, 
followed by distillation under reduced pressure and storing at 4°C. Distilled dioxane was 
used as the solvent. In a schlenk tube NVP, 3 mol % MaBP and 1 mol% AIBN was taken 
along with a stir bar and purged with nitrogen. Then dioxane was added to it and the 
reaction mixture was deoxygenated 3 times by freeze-thaw cycle. Synthesis of (NVP-co-
MaBP) was carried out in a water bath at 70°C for 18 hrs. Then the co-polymer was 
dissolved in little acetone and precipitated in diethyl ether to get a purified product. 
4.6.8 Synthesis of Poly (NVIBAm-co-MaBP) 
NVIBAm-co-MaBP was synthesized using N-vinylisobutyramide, 3 mol% MaBP 
and 1 mol % AIBN in ethanol. All the reactants were added in a round bottom flask and 
deoxygenated by freeze-thaw cycle, followed by nitrogen purging. Polymerization was 
carried out by keeping the reaction mixture overnight for 18 hours in an oil bath at a 
temperature of 70°C. Once the polymerization was done, the product was purified by 
precipitating 3 times into hexanes from THF. 
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CHAPTER 5: VISCOELASTIC RESPONSE OF PHOTO-CROSS-LINKED 
POLY(N-ISOPROPYLACRYLAMIDE) COATINGS BY QCM-D 
5.1  Introduction 
Surface-confined responsive polymers are important in a number of diverse 
applications that benefit from active surfaces, including sensors123, biocompatible 
coatings124, drug delivery vehicles125, 126, and separation schemes.45, 127  Responsive 
polymers are attractive in the sense that they swell or deswell in response to subtle 
changes in the environment and provide reversible actuation. Among the many polymeric 
systems studied, poly(N-isopropylacrylamide), or poly(NIPAAm), has been widely 
exploited as it responds to changes in temperature near normal body conditions.128 The 
transition in swelling has been attributed to small shifts in the balance of 
hydrophobic/hydrophilic interactions between segments of the polymer.129 Below the 
demixing temperature, the enthalpy of mixing dominates and the polymer swells. Above 
the demixing temperature, hydrophobic interactions dominate and drive the collapse of 
the polymer.  
While macroscopic gels are hindered by slow response kinetics, the response 
times of surface-confined coatings are several orders of magnitude faster due to their 
microscopic dimensions. Nonetheless, the impact of confinement on the swelling 
behavior remains an unresolved issue.130 A surface coating swells in a single direction 
normal to confining interface. It is expected that such films have different properties from 
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those of bulk materials due to interfacial interactions and confinement, necessitating the 
need for surface sensitive experiments.131 
Techniques such as plasmon resonance132, ellipsometry38, 133  and neutron 
reflectivity134, 135 are sensitive to the spatial profile of a surface-confined coating and can 
provide extent of swelling. The quartz-crystal microbalance with dissipation (QCM-D) 
provides both solvent uptake and viscoelastic response.136, 137 While there have been 
several QCM investigations of responsive surface coatings in contact with liquid 
media138-143, rigorous analysis and interpretation of the data can be challenging.   
Johannsmann et al. have pointed out that acoustic measurements can yield 
different values in thickness than those obtained by optical methods as a result of 
relaxation processes excited at resonance.144, 145 The exact nature of these relaxation 
processes are strongly correlated to the structure, density, and coupled water within the 
coating. A study by Ma et al. showed that poly(oligo(ethylene glycol) brushes submerged 
in water displayed a viscosity very close to  that of pure water, implying that the 
relaxation of the system was mediated to a large extent by dissipation of water.146 Belfort 
et al. in turn found a considerable change in the viscous response of a poly(L-lysine) 
layer before and after cross-linking, signifying greater frictional loss in the gel-like 
layer.147 Hook et al. explained that the increase in friction can be related to the role of 
coupled water.148, 149  
Most studies are limited to a single thickness of the sample, and confidence in the 
fitted parameters is limited. In this study, responsive coatings were analyzed in which the 
thickness was systematically varied to overcome such ambiguities. The coatings were 
prepared from photo-cross-linkable poly(NIPAAm) copolymers with benzophenone-
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pendant monomers. The 3rd through 9th overtones of the QCM-D data were analyzed in 
the context of the Kelvin-Voigt viscoleastic model.122 Based on the thickness variation 
data, the responsive coatings showed rigid-like behavior at the 3rd overtone. At the 9th 
overtone, the films show significant deviation from the rigid-film limit. The timescale of 
this relaxation is on the order of nanoseconds, which is 2 orders of magnitude slower than 
expected if hydrodynamic interactions are completely screened within a correlation blob. 
The slow relaxation perhaps is a consequence of significant polymer-polymer coil 
overlap between cross-links. The addition of salt, which increases the modulus of the 
networks, has no impact on timescale of the relaxation. 
5.2 Results and Discussion 
 A polymer gel can be thought of as a two-fluid medium comprising interconnected 
polymer segments in contact with a penetrating solvent.130 If sheared with an oscillating 
strain at frequency ω/2 the gel will respond, in general, with a complex shear modulus. 
The polymer segments relax with a velocity that is determined by the balance between 
the elastic restoring force of the gel and the frictional force between solvent and gel 
segments. The timescale of this event, or the retardation time, can be expressed as 
߬௥ ൌ ఎீ௢, where Go is the shear modulus and η is the effective viscosity of the two-fluid 
medium. If a single event occurs on the timescale of the experiment the so-called Kelvin-
Voigt viscoelasticity is expressed as ܩ ൌ ܩ௢ ൅ ߟ ௗఢௗ௧. The Kelvin-Voigt constitutive 
relationship describes an elastic body where stress relaxation is instantaneous but the 
propagation of strain is determined by the retardation time. Rigid materials that have slow 
internal dynamics have little dissipative loss and consequently low retardation times.  
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Flexible materials that have considerable internal motion have significant dissipative loss 
and large retardation times.  
 We consider here an oscillating piezoelectric plate that shear strains a polymer gel 
of density ρ and thickness h in a bulk liquid also of density ρ. The shifts in the resonant 
frequency Δf and dissipation ΔD are, to first order in thickness (adapted from Voinova et 
al.122) 
Δ݂ ൌ െ ௛ఘఠଶగఘబ௛బ ቂ1 െ
ఎೞ
ఎ ቀ
ሺఛೝఠሻమ
ଵାሺఛೝఠሻమቁቃ ൅ Δ ௦݂                                 (5.1) 
∆ܦ ൌ ௛ఘఘబ௛బ ቂ
ఎೞ
ఎ ቀ
ఛೝఠ
ଵାሺఛೝఠሻమቁቃ ൅ ∆ܦ௦                                (5,2) 
where ρo and ho are the density and thickness of the quartz resonator, respectively and ηs 
is the viscosity of the solvent. The product τrω is the ratio of the loss modulus to the 
storage modulus, also known as tan δ.  The terms Δfs and ΔDs correspond to the changes 
in the resonant frequency and dissipation of the oscillator in contact with the bulk solvent 
but in the absence of the gel coating (h=0). In the limit of a linear elastic material where 
strain is transmitted instantaneously, τrω0 and Δf reduces to the well-known Sauerbrey 
relation for a lossless oscillator with a correction for solvent viscosity.  In this limit, Δf is 
linear with respect to the gel thickness. The change in dissipation, ΔD, on the other hand, 
is invariant to gel thickness and depends only on the viscosity of the contacting solvent.  
 Figure 5.1 shows the 9th overtone values of Δf and ΔD for a poly(NIPAAm-co-
MaBP) coating (dry thickness=36 nm) in contact with water as a function of temperature 
for three temperature cycles. The rate of temperature change was 1.0 oC/min. The cooling 
cycle depended strongly on the rate of temperature change, and the degree of hysteresis 
narrowed by slowing the temperature change. The heating curve, on the other hand, was 
relatively independent of the rate below 1.0 oC/min. All subsequent analysis was 
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conducted on the heating curve. In a similar vein, Δf and ΔD were recorded for three 
integer multiples of the dry thickness (h = k ·36 nm, where k = 2,3,4). In order to 
understand whether the coatings display viscoelasticity on the timescale of the 
experiment, the Δf and ΔD values associated with the heating curves were plotted against 
the rigid film prediction of Equations 5.1 and 5.2. 
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Figure 5.1. QCM-D data for change in frequency ∆f and dissipation ∆D for 
poly(NIPAAm-co-MaBP) coated crystal for three cycles as a function of temperature for 
n=9th overtone. The dry thickness of the coating was 36 nm. The arrowhead indicates that 
∆f increases and ∆D decreases with increase in temperature. 
    Figures 5.2 and 5.3 show the 3rd and 9th overtones, respectively, for all four 
integer multiple thicknesses (k=1,2,3,4) at 40 °C. Figures 5.4 and 5.5 show the 3rd and 9th 
overtones, respectively, for all integer multiple thicknesses (k=1,2,3,4) at 15 °C. The 
dashed lines on the figures correspond to the Δf and ΔD values of equivalent rigid 
coatings in the limit τrω0. At the 3rd overtone, it can be seen that the coatings appear as 
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rigid overlayers, both at 15 and 40 °C. While there is some deviation between the 
experimental ΔD and the rigid limit value at 15  °C, the deviation does not become 
significant until the higher thicknesses. Using this overtone, only the thickness of the 
coating can be ascertained. At the 9th overtone, however, the measured values of ∆f were 
less than the rigid film prediction, appearing as a constant offset at 40 °C and a weakly 
varying offset at 15 °C. These offsets indicate that the coatings do display viscoelasticity 
in the 9th overtone. At 15 °C, the measured dissipation was greater than the rigid film 
prediction by 500% at the largest thickness, whereas at 40 °C it was greater by only 5%. 
For both the 15 and 40 °C experiments, the values of ΔD curve up with increasing 
thickness, and hence the linearized Equations 5.1 and 5.2 are inappropriate to analyze the 
data.  
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Figure 5.2. The ∆f and ∆D for poly(NIPAAm-co-MaBP) coating layer exposed to water 
as a function of thickness at 40 °C for the n=3rd overtone showed that the layers behave 
like rigid films. Dashed lines indicate the rigid limit and solid lines are the experimental 
results. 
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Figure 5.3. The deviation of ∆f and ∆D from the rigid limit for poly(NIPAAm-co-MaBP) 
coating layer exposed to water as a function of thickness at 40 °C for the n=9th overtone. 
Dashed lines indicate the rigid limit and solid lines are the experimental results. 
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Figure 5.4. The ∆f and ∆D for the poly(NIPAAm-co-MaBP) coating exposed to water as 
a function of thickness at 15 °C for n=3rd overtone. 
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Figure 5.5. The deviation of ∆f and ∆D from the rigid limit for the poly(NIPAAm-co-
MaBP) coating exposed to water as a function of thickness at 15 °C for n=9th overtone.  
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The acoustic response of a Voigt viscoelastic layer in a bulk liquid of equal 
density is defined by the β-function (adopted from Voinova.122) 
 
ߚ ൌ െ2ߨߩ௢݄௢ ቀ௙ଶ ∆ܦ െ ݅∆݂ቁ ൌ െ݅ඥെ݅ߩܩכ
ଵି஺௘మ഍೓
ଵା஺௘మ഍೓                                                 (5.3) 
where  
ܩכ ൌ ܩ௢ ൅ ݅߱ߟ                                                                                                           (5.4) 
ܣ ൌ ൬ටି௜ீכఠఎೞ െ 1൰ ൬ට
ି௜ீכ
ఠఎೞ ൅ 1൰൘                                                                     (5/5) 
 ߦ ൌ ߱ටെ ఘீכ                                                                                                   (5.6) 
 The β-function is highly nonlinear and can lead to unphysical solutions. In order to 
create confidence in the fits, the four multiple integer thicknesses were fit simultaneously 
using the 3rd-9th overtones (with the assumption that the shear modulus and retardation 
time do not change appreciably over the frequency and thickness in this range). Figures 
5.6 and 5.7 show the experimental data and simulated fits as well as the residuals for the 
15 °C samples. Shown on each plot are the four integer multiple thicknesses for the 3rd, 
5th, 7th, and 9th overtones. Generally speaking, the best fits yielded residuals within +/- 
10% of both the Δf/n and ΔD experimental values. 
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Figure 5.6. Experimental(○) data and simulated(□) fits, as well as the residuals, of ∆f/n 
for the n=3,5,7,9 overtones at 15 °C. The arrow direction corresponds to the 4 integer 
multiple thicknesses. 
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Figure 5.7. Experimental(○) data and simulated(□) fits, as well as the residuals, of ∆D for 
the n=3,5,7,9 overtones at 15 °C. The arrow direction corresponds to the 4 integer 
multiple thicknesses.  
 Figures 5.8 and 5.9 shows the fitted values of shear modulus, thickness, and viscosity 
as a function of temperature for the 36 nm thick coating. The poly(NIPAAm-co-MaBP) 
coating shows a gradual reduction in thickness between 15 and 25 °C (decreasing from 
93 nm to 75 nm) followed by a sharp reduction in thickness between 25 and 30 °C. At all 
temperatures, the QCM-D derived thickness was close to the ellipsometry derived 
thickness. At 15 °C, the QCM-D thickness of 93 nm was approximately 15% lower than 
the ellipsometry thickness. At 40 °C, the QCM-D thickness of 36 nm was within 5% of 
the ellipsometry thickness. 
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Figure 5.8. Variation of the shear modulus (○) and thickness (■) of the 1st integer 
multiple thickness poly(NIPAAm-co-MaBP) coating as a function of temperature. Error 
bars for shear modulus lie within the data points. 
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Figure 5.9. Comparison of the viscosity and thickness of the 1st integer multiple thickness 
poly(NIPAAm-co-MaBP) coating as a function of temperature. The frequency ω was 
based on the n=9th overtone. 
  Over the temperature range 15 – 40 °C, the thickness changes by a factor of 3; 
however, the shear modulus changes by a factor of 24 and the viscosity changes by a 
factor of two.  In the low-frequency limit, the shear modulus Go is a measure of the 
number of effective crosslinks per unit volume of the network and is expressed as150 
 
ܩ௢ ؆ ௞்௔య ቀ
థ
ே೐ቁ                                                                                                              (5.7) 
Where Ne is the number segments between cross-links, φ is the segment volume fraction 
and a3 is the segmental volume. The maximum limit of Ne is set by the cross-link density, 
nevertheless formation of knots and entanglements may act to reduce the effective 
crosslink density. The value of Go (based on complete cross-linking of the gel coating) is 
expected to be ~1MPa, but as seen from Figure 5.6, it plateaus two orders of magnitude 
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higher. It is well-known that the shear modulus in the high-frequency regime (or the 
glassy regime) can be 2-3 orders of magnitude higher than the rubbery regime due to 
incomplete relaxation of segmental dynamics.  
Moreover, if it is assumed the gel is affinely deformed by the shear resonator, an 
individual “correlation blob” is deformed in the same manner. The blob will relax to 
recover its equilibrium dimensions, the motion corresponding to the relaxation of a 
stretched one-dimensional chain, whose characteristic time scale in a good solvent is on 
order of 150 
߬ ؆ ߟ௦ ௔
య
థ௞்                                                                                                       (5.8) 
This relationship assumes that hydrodynamic interactions are completely screened within 
the correlation blob, which may not properly reflect the exact range of frictional forces 
acting against the movement of a chain at high frequencies. Indeed, based on Equation 
5.8, at 15 °C, the retardation time is expected to be on the order of 10 ps. The best fit at 
15 °C, however, yields a retardation time τr = η/Go on the order of 10 ns, which 
corresponds to τrω  2 (for the 9th overtone). The slower response time may be the result 
of significant coil-coil overlap between cross-links, which is not surprising considering 
that the polymer films were spin-casted prior to cross-linking.  
 While the phenomenological expressions described by Equations 5.7 and 5.8 may 
not be entirely appropriate, they do suggest that for data to be compared at different 
temperatures and solvent viscosities, the retardation ratio τr should be scaled by T/ηs and 
Go should be scaled by 1/T. Figure 5.10 shows the dependence of these values on the 
segmental volume fraction of the coatings, with three regions denoted: the swollen 
regime, the transition regime, and the collapsed regime. The segmental volume fraction 
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of a collapsed layer at 40 °C was determined to be 0.72 from neutron reflection 
experiments151 hence, the volume fraction  at each temperature was estimated to be 
߶ ൌ 0.72்݄ ݄ସ଴⁄ , where hT is the thickness at temperature T and h40 is the thickness at 40 
°C.  In the swollen regime, Go/T displays a strong dependence on the volume fraction (a 
power law of order 6), which most likely is not universal but a reflection of varying 
retardation timescales in the swelling process. An enhancement in the local segmental 
dynamics due to dilution could very well cause the strong concentration dependence. The 
retardation time τrT/ηs, also shows a strong dependence on the volume fraction, although 
a slightly weaker power law of order -3. In the collapsed regime, Go/T scales linearly in 
concentration whereas τrT/ηs shows almost no concentration dependence. This 
observation may be a result of significant interpenetration between polymer segments in 
the collapsed state. It has been noted elsewhere that high-frequency relaxation in 
concentrated polymer solutions is rather insensitive to concentration and quality of the 
solvent.152 
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Figure 5.10. Dependence of the scaled retardation time and shear modulus on the volume 
fraction of the poly(NIPAAm-co-MaBP) coating in the three regimes of temperature: 
swollen, transition, and collapsed. Error bars are within the data points. 
  To further complete the picture, inorganic salts are known to have a strong effect 
on the volume-phase transition behavior of poly(NIPAAm).153-158 Figure 5.11 shows the 
effect of NaCl concentration on the thickness of the poly(NIPAAm) coatings. At any one 
particular temperature, the addition of the salt worsens the solvent quality and drives 
deswelling of the coating. Figure 5.12 shows the scaled Go/T values for three samples (no 
added salt, 0.5 M NaCl, and 2.0 M NaCl). The scaled modulus appears to collapse for 
segment volume fractions below 0.6, implying that NaCl has negligible effect on chain 
stiffness in the swollen state. In the collapsed state, however, the modulus increases with 
increasing NaCl concentration. This observation is clearly shown in Figure 5.13, in which 
the modulus is plotted against salt concentration in the collapsed state at 40 °C.  Also 
plotted is the segment volume fraction in the collapsed state, which increases from 0.72 
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under no added salt to 0.82 at 2.0M NaCl. The residual water has been attributed to 
weakly bound water molecules that most likely remain between amide moieties.159 Salt 
could possibly affect the residual water through one of two effects. Salt ions that are 
incorporated into the collapsed layer may provide more efficient packing of the polymer 
chains. In the second scenario, if salt is excluded from the collapsed layer, an osmotic 
gradient may act to further dehydrate the collapsed layer. In either scenario, the more 
tightly packed configuration is registered in the elastic modulus.  
  On the other hand, the reduced value of τrT/ηs for all salt concentrations, as 
shown in Figure 5.14, appears to collapse to the same master curve when plotted against 
the segment volume fraction, signifying that the retardation time is strongly correlated to 
the volume fraction, yet short range dynamics do not appear to be significantly affected 
by the addition of salt. 
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Figure 5.11. Effect of salt concentration on the thickness of the poly(NIPAAm-co-MaBP) 
coating as a function of temperature. The arrow indicates the increase in NaCl 
concentration. 
    
 
 
 
 
 
Figure 5.12. Scaled shear modulus of the poly(NIPAAm-co-MaBP) coating as a function 
of volume fraction for three different NaCl concentrations. 
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Figure 5.13. Shear modulus and segment volume fraction of the poly(NIPAAm-co-
MaBP) coating as a function of NaCl concentration in the collapsed state at 40 °C. 
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Figure 5.14.  Scaled retardation time of the poly(NIPAAm-co-MaBP) coating as a 
function of segment volume fraction and NaCl concentration. 
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5.3. Conclusions 
  Surface-tethered poly(NIPAAm-co-MaBP) networks in contact with aqueous 
solutions were characterized with QCM-D. At the overtones measured, the coatings 
appeared to be rigid films at the 3rd overtone, where dissipation was dominated by the 
gel/water interface friction complicating viscoelastic analysis of the films. As the 
overtone increased, deviation from the rigid limit was found allowing for viscoelastic 
analysis. Throughout the collapse, the shear modulus increased from 5 MPa in the 
swollen state to 120 MPa in the collapsed state.  The shear modulus in the rubbery 
plateau in the collapsed state is expected to be on the order of ~1MPa, hence the QCM-D 
probes a regime where the polymer mesh cannot adequately relax. However, due to the 
limited range over which frequency response is measured, it is unclear where in the 
rubbery-to-glassy transition zone that the experiment is taking place, making it difficult 
to analyze the viscoelasticity within known scaling relationships. That being said, in this 
frequency regime, the shear modulus is much more sensitive to the demixing temperature 
than the shear viscosity. This could be a consequence of significant polymer-polymer coil 
overlap that results in the spin-casting technique.  Finally, in the collapsed state, QCM-D 
showed a sharp increase in the shear modulus with increasing NaCl salt concentration, 
yet the dynamics were not significantly perturbed.  Again, this may be a consequence of 
polymer-polymer contacts dominating the viscous behavior.  
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CHAPTER 6: EFFECT OF HOFMEISTER SERIES ON THE TRANSITION 
BEHAVIOR OF POLY(NIPAAm) AND POLY(DEAAm) 
6.1 Introduction 
Lower critical solution temperature (LCST) polymers can serve as model systems 
for probing the effect of ions on the stability of biological macromolecules.160-163 It is 
well established that the dissolution temperature of LCST polymers, including poly(N-
isopropylacrylamide), or poly(NIPAAm), is strongly affected by the addition of salt, in a 
manner similar to how protein stability is affected by salt.154, 155, 157, 164-169 The effect of 
ions, however, is not purely concentration dependent. The dissolution temperature 
depends on the “structure forming” or “structure breaking ability” of the ion and follows 
the Hofmeister series.170-173 
LCST polymers contain a hydrogen-bonding group, such as an amide, and a 
hydrophobic group.  At low temperatures, solubility of the macromolecule is engendered 
through favorable mixing of the hydrogen-bonding groups and water. As temperature is 
increased, a point is reached where mixing can no longer stabilize hydrophobic 
interactions and the polymer phase-separates from solution.  
Despite a considerable body of research, however, questions still remain 
concerning the exact mechanism of the interaction of salts with macromolecules that 
contain both amides and hydrophobic groups. It is generally thought that the effect of the 
Hofmeister salts result from ion-specific interactions with both amide and nonpolar 
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moieties170. where the amide interaction is perhaps a  nonspecific ion-dipole interaction 
that is modulated by vicinal methyl groups.174 Cremer and co-workers proposed that 
strong “salting out” salts act by polarizing the water molecules adjacent to the amide 
groups and by increasing the surface tension around the hydrophobic groups, while 
“salting in” salts bind directly to the amide groups.165  They also suggested a two-step 
demixing process for strong salting out anions like SO42-, wherein amide groups are first 
dehydrated followed by the dehydration of the isopropyl groups.165 
Near the water/air interface, all ions of the Hofmeister series increase surface 
tension due to exclusion of the ions near the surface.175, 176  Similar effects have been 
observed with the salting out of benzene from aqueous solution, where ions decrease the 
solubility of benzene in water.177 It may therefore be expected that all macromolecules 
have decreased solubility in salt solutions. Indeed, early members of the Hofmeister 
series, or kosmotropes, do monotonically decrease solubility. Later members of the 
Hofmeister series, or chaotropes, however, can form ion-dipole pairs with hydrogen 
bonding moieties and increase solubility.178-180 
In this paper, we explore the influence of Na2SO4, NaCl, NaBr, and NaI on the 
swelling of thin layers of surface-attached networks of poly(NIPAAm) and poly(N,N-
diethylacrylamide), or poly(DEAAm), both of which are amide-based polymers. 
Poly(NIPAAm) contains a secondary amide that donates and accepts a hydrogen bond; 
whereas, poly(DEAAm) contains a tertiary amide that only accepts a hydrogen bond. The
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Hofmeister series suggests that SO42- > Cl- > Br- > I- in terms of the anion’s ability to 
salt-out neutral, LCST polymers. Within this ordering, SO42- is kosmotropic, I- is 
chaotropic, and Cl- and Br- are intermediate. We use both ATR-FTIR and ellipsometry to 
characterize the surface-attached networks. While FTIR has been extensively used to the 
measure the frequency shifts of the vibrations associated with the amide and aliphatic 
groups in LCST polymers and gels upon demixing181-185, interpretation of spectra is 
difficult without precise knowledge of the water content. To that end, we use 
ellipsometry to derive the average water distribution in the polymer coatings. FTIR 
spectra are then compared at the same water content in order to unambiguously determine 
the effect of ions on the vibrations of the amide and aliphatic groups.  
6.2  Results and Discussion 
Figure 6.1 shows the thermally-induced deswelling transition (or deswelling 
isobars) in both poly(NIPAAm) and poly(DEAAm) networks with 3 mole% MaBP cross-
linker. Both have a demixing temperature near 30 °C. Below the deswelling temperature, 
poly(NIPAAm) has a higher equilibrium water content than poly(DEAAm), which is 
likely the result that poly(NIPAAm) can hydrogen bond to water at both the C=O and N-
H positions whereas poly(DEAAm) can hydrogen bond at the C=O position. 
Interestingly, the two ethyl groups of poly(DEAAm) does not alter the transition 
temperature with respect to poly(NIPAAm); however, the deswelling isobar is more 
gradual than in poly(NIPAAm). 
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Figure 6.1 Deswelling isobars of poly(NIPAAm) and poly(DEAAm) showing a demixing 
temperature near 30 °C. 
Figure 6.2 shows the deswelling isotherms, or the variation in the dimensionless 
thickness of both poly(NIPAAm) and poly(DEAAm), over a range of salt concentration 
(0-2.0 M) for Na2SO4(figure 6.2a), NaCl(figure 6.2b),  NaBr(figure 6.2c), and NaI (figure 
6.2d), all carried out at 5°C. The dimensionless thickness is defined as (H-
Hcollapsed)/(Hswollen-Hcollapsed), where H is the thickness at the respective salt concentration, 
Hswollen is the thickness in water at 5 °C and Hcollapsed is the thickness at 42 °C. Comparing 
poly(DEAAm) and poly(NIPAAm), despite the difference in the collapse profiles with 
respect to temperature, they display similar collapse profiles with each salt. If a salt 
concentration C1/2 is defined for when the polymer layer reaches a dimensionless 
thickness value of ½, the values of C1/2 for Na2SO4(figure 6.2a), NaCl, (figure 6.2b), 
NaBr(figure 6.2c),  are 0.25 M, 1.3 M, and 2.5 M, respectively, for both poly(DEAAm) 
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and poly(NIPAAm). At 5 °C, a C1/2 for NaI(figure 6.2d), could not be found up to 5.0 M. 
NaI also leads to slight additional swelling of both layers (by ~5-10%) at low salt 
concentrations.  
Based on the values of C1/2 for each of the ions, it becomes readily apparent that 
the bulk air/water surface tension effects cannot be used to predict deswelling behavior. 
The surface tension increments of the individual salts in dynes/(cm*molality) are Na2SO4 
= 2.77, NaCl = 1.73, NaBr = 1.47, and NaI = 1.14.175 Hence, the increase in the bulk 
surface tension at C1/2 is 0.7 dynes/cm for Na2SO4, 2.5 dynes/cm for NaCl, 3.7 dynes/cm 
for NaBr, and greater than 5.7 dynes/cm for NaI. It is hypothesized that the differences in 
the bulk surface tension follow from a direct interaction of the ion with the amide group. 
In fact, the bulk surface tension trend is consistent with the ordering of the ions in the 
Hofmeister series. 
 
 
 
 
 
 
 
 
Figure 6.2 Variation in thickness of poly(NIPAAm) (   ) and poly(DEAAm) (  ) at 5 °C in 
between 0-2.0 M salt concentration for (6.2a) Na2SO4 (6.2b) NaCl (6.2c) NaBr and (6.2d) 
NaI. 
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Figure 6.2 Contd. 
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Figure 6.2 Contd. 
 By changing the temperature of the experiment, the subtle effects of the ions can 
be distinctly observed. Figures 6.3 and 6.4 show similar experiments conducted at 15 and 
24 °C. At both temperatures, the deswelling isotherms for poly(NIPAAm) and 
poly(DEAAm) overlap in Na2SO4 and NaCl. However, the ratio of C1/2 at 5 °C to C1/2 at 
24 °C is different for the two salts. The value of C1/2 for Na2SO4 (figure 6.2a), at 5 °C is 
2.2 times the value at 24 °C(figure 6.4a),; whereas, the value of C1/2 for NaCl (figure 
6.2b), at 5 °C is 3 times the value at 24 °C(figure 6.4b),. This may be due to an 
increasingly stronger interaction of Cl- with the amide than SO42- as the temperature is 
increased.  
For NaBr, there is a small difference in deswelling isotherms of poly(DEAAm) 
and poly(NIPAAm) at 15 °C, where NaBr is perhaps slightly more effective at salting-out 
poly(DEAAm). This difference becomes significant, however, at 24 °C, where C1/2 for 
poly(NIPAAm) is 1.0 M and for poly(DEAAm) it is 0.7 M. Moreover, a slight salting-in 
(6.2d)
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effect is measured for poly(NIPAAm), which increases with temperature. At 24 °C, the 
maximum degree of salting-in is 8%. 
 With respect to NaI, there is considerable deviation in the deswelling isotherms 
for poly(NIPAAm) and poly(DEAAm), with the deviation becoming more prominent as 
the temperature is increased. At both 15 and 24 °C, NaI is more effective at deswelling 
poly(DEAAm) than poly(NIPAAm). Moreover, NaI salts-in poly(NIPAAm) at low salt 
concentrations, with the degree of salting-in increasing with temperature. In contrast, the 
opposite trend is seen with poly(DEAAm), where the degree of salting-in decreases with 
temperature. That said, the maximum degree of salting-in is 5% for poly(DEAAm) at 5 
°C and 18% for poly(NIPAAm) at 24 °C. 
  It was noted that that the bulk surface tension increments of the individual salts 
are insufficient to quantitatively interpret the deswelling isotherms. It is tempting to 
explain the deviation with respect to a difference in the partitioning of ions between the 
macromolecule surface and bulk water and the partitioning ions between an air interface 
and bulk water interface. At the air/water interface, ions that possess a large 
charge/volume ratio are generally excluded from the interface, as they are less likely to 
give up their hydration waters.175, 186 Ions with a smaller charge/volume ratio can more 
easily forfeit their hydration waters and therefore are able to access the interfacial zone. 
A question is how the presence of dipoles influences ion partitioning. Towards this end, 
we use ATR-FTIR to study the amide group and aliphatic CH3 vibrations of 
poly(NIPAAm) and poly(DEAAm) upon exposure to salt. 
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Figure 6.3 Variation in thickness of poly(NIPAAm)  (   ) and poly(DEAAm) (   ) at 15 °C 
in between 0-2.0 M salt concentration for (6.3a) Na2SO4 (6.3b) NaCl (6.3c) NaBr and 
(6.3d) NaI. 
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Figure 6.3 Contd. 
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Figure 6.4 Variation in thickness of poly(NIPAAm) (   ) and poly(DEAAm) (   ) at  24 °C 
in between 0-2.0 M salt concentration for (6.4a) Na2SO4 (6.4b) NaCl (6.4c) NaBr and 
(6.4d) NaI. 
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Figure 6.4 Contd. 
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As the frequency of the vibrations is clearly influenced by the amount of water in 
the network, rather than comparing the frequencies as a function of salt concentration, we 
compare the vibrational frequency at the same degree of swelling for each salt, as 
determined from the ellipsometry measurements. 
Figure 6.5 shows the frequency of the amide I of poly(NIPAAm) versus degree of 
swelling in Na2SO4, NaCl, NaBr, and NaI at 24 °C. In all cases the amide I shows an 
initial decrease in the vibration frequency as salt is added followed by an increase in the 
frequency as the layer collapses, which is caused by the rise of the sub-band around 
1651cm-1. The frequency trends for all salts overlap (to within +/- 0.5 cm-1); hence, the 
frequencies of the vibrations appear independent of ion and depend only on the degree of 
swelling. In contrast, Figure 6.6 shows the amide II, where now the frequencies no longer 
overlap. Most notably at a degree of swelling (H/Hcollapsed) of 2.4, a frequency of 5 cm-1 
separates NaI (1551 cm-1) and Na2SO4 (1555 cm-1). The corresponding degree of 
swelling in pure water occurs at 30 °C, where the position of the amide II is centered at 
approximately 1555 cm-1, the same position of Na2SO4. While the proximity of the two 
vibrations suggests negligible interaction of Na2SO4 with the amide, a direct comparison 
is probably inappropriate due to the different temperatures of the experiment (24 °C vs. 
30 °C). That said, for all values of  H/Hcollapsed above unity, the amide II vibration of 
poly(NIPAAm) is lowest in NaI, followed by NaBr, NaCl and then Na2SO4. Interestingly, 
the trend follows the order of the Hofmeister series.  
We speculate that the ions are electrostatically attracted to the O=C-N dipole and 
destabilize or sterically inhibit hydrogen bonding at the N-H moiety, decreasing the 
amide II frequency. NaI, which exhibits the largest effect, thus displays the largest ion-
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dipole attraction, which correlates with the salting-in effect measured with ellipsometry. 
Moreover, the trend in the vibration frequencies could explain the increase in the bulk 
air/water surface tension at C1/2 for each of the salts; in other words, the stronger the ion-
dipole attraction, the greater the required surface tension to collapse the layer. As the 
frequency of amide I is unaffcted by the type of ion, it is presumed that binding or 
attraction is primarily between the anion and the partially positive end of the O=C-N and 
does not affect hydrogen bonding to the partially negative O=C end of the dipole. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 Frequency shift of Amide I band as a function of degree of swelling of 
poly(NIPAAm) at 24 °C from 0-2.0 M salt concentrations. 
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Figure 6.6 Frequency shift of Amide II band as a function of degree of swelling of 
poly(NIPAAm) at 24 °C from 0-2.0 M salt concentrations. 
In poly(DEAAm) (which lacks a N-H moiety), the frequency of the amide I 
vibration now depends strongly on the ion (Figure 6.7). The vibration associated with 
Na2SO4 displays the same U-shape trend as seen in poly(NIPAAm), which is quite close 
to the frequency trend in pure water upon collapse. In NaCl, the depth of the minimum in 
the U-shape becomes shallower. In NaBr and NaI, the minimum disappears and now the 
frequency increases monotonically with temperature. We now speculate that in the case 
of poly(DEAAm), ions interact primarily with the partially positive end of C=O dipole. 
The interaction weakens the ability of the C=O to hydrogen bond with water and shifts 
the frequency of the vibration to higher frequencies. As in the case of the amide II 
vibration in poly(NIPAAm), the strength of the interaction follows the Hofmeister series.  
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Figure 6.7 Frequency shift of Amide I band as a function of degree of swelling of 
poly(DEAAm) at 24 °C from 0-2.0 M salt concentrations. 
Finally, it is of note to examine the CH3 asymmetric stretching vibration in both 
poly(DEAAm) and poly(NIPAAm). This vibration was chosen as it is the most 
prominent of all the aliphatic vibrations, it shows a relatively large shift upon collapse (8 
cm-1), and it provides a direct comparison of the 2 terminal carbons of the isopropoyl 
group with the 2 terminal carbons of the ethyl groups. The CH3 asymmetric vibrations are 
shown in figure 6.8 as a function of salt for both poly(NIPAAm) and poly(DEAAm). The 
CH3 asymmetric stretching vibration collapses to the same curve for all the salts, with the 
exception of poly(DEAAm) in NaI. The relative independence of the CH3 asymmetric 
stretching vibration on the salt ion suggests negligible accumulation of ions on the 
hydrophobic surface, as expected from bulk air/water surface tension measurements. 
Mysteriously, however, NaI causes an increase of 3 cm-1 in the CH3 vibration in 
poly(DEAAm), which is not observed in poly(NIPAAm). The increase may be a 
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consequence of the close proximity between an iodide and the CH3 group resulting from 
attraction of the ion to the amide dipole. In contrast, the amide in poly(NIPAAm) is less 
sterically hindered and may better accommodate an iodide without perturbation of the 
CH3 vibration.   
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 6.8 CH3 stretch vibrations as a function of degree of swelling at 24 °C from 0-2.0 
M salt concentrations for (a) poly(DEAAm) and (b) poly(NIPAAm). 
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6.3   Conclusion 
 The mechanisms by which ions affect the solubility of neutral macromolecules 
remain unresolved. Herein, we explored the deswelling isotherms of both poly(NIPAAm) 
and poly(DEAAm) induced through the addition of Na2SO4, NaCl, NaBr, and NaI. In the 
presence of early members of the Hofmeister series, the demixing isotherms of both 
poly(NIPAAm) and poly(DEAAm) are identical. Later members of the Hofmeister series, 
in contrast, impart distinct deswelling isotherms for poly(NIPAAm) and poly(DEAAm), 
due to differences in accumulation of ions at the amide dipole. The strength of the ion-
dipole interaction appears to be dictated by surrounding hydrophobicity or steric 
hindrance of the amide, as later members of the Hofmeister series collapse 
poly(DEAAm) more quickly than poly(NIPAAm). Finally, the relative absence of a 
dependence on the CH3 shift and ion suggests that ions do not adsorb to the hydrophobic 
moieties. The one exception is NaI and poly(DEAAm), which may not arise from 
adsorption but close proximity of the ion to the diethyl groups due to interaction with the 
amide dipole. 
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CHAPTER 7: STUDIES OF THE POLYMER STRUCTURE ON THE PHASE 
TRANSITION IN PRESENCE OF SALTS 
7.1 Introduction 
Studies of ion binding to model amides indicate that the ions interact with peptide 
groups.120, 187However, the extent to which these interactions are modulated by the 
adjacent non-polar groups is not clear.188, 189 Thermoresponsive polymers can serve as a 
proxy to understand these interactions. These types of polymers comprise both 
hydrophilic and hydrophobic moieties. Since the LCST depends on the 
hydrophobic/hydrophilic balance of the polymer, the LCST can be tuned by variation of 
the side chain.  Many studies have been done to show the influence of salts on the 
swelling and contraction of these polymers.190, 191  These studies have shown that the 
magnitude of various salt effects varies according to the Hofmeister series. 
Park and Hoffman157 were the first to demonstrate that aqueous solution of 
sodium chloride induces a volume phase transition in poly(NIPAAm). The experimental 
results obtained by Eeckman et al showed that the addition of salts leads to a significant 
decrease in the LCST of poly (NIPAAm). A 1.0M NaCl solution leads to a decrease of 
poly(NIPAAm) LCST by about 12 °C from approximatly 32 °C in pure water to about 20 
°C, while a 0.2 M Na2SO4 solution decreases its LCST by about 10 °C. It appears that the 
salt type, concentration, valence and size of the anions play important roles in influencing 
the LCST of poly(NIPAAm).192, 193 Cremer and co-workers proposed three mechanisms 
by which the salts interact with macromolecules. First, the anions can polarize the water 
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molecules adjacent to the amide groups. Second, the anions can interfere with the 
hydrophobic groups near the polymer backbone and isopropyl side chains, causing an 
increase in surface tension. Third these species can directly bind with the amide 
moieties.158  In our previous paper we showed that the ions bind to the amide group and 
the ion-dipole interaction is dictated by surrounding hydrophobicity or steric hindrance of 
the amide.194 
In general, the majority of investigation concerning the Hofmeister ions focused 
on poly(N-isopropylacrylamide). It is still an open question how similar synthetic 
polymers with different alkyl groups respond to the addition of Hofmeister ions. In this 
contribution, we investigated the effect of Hofmeister salts on the swelling behavior of 
surface-attached, photocrosslinked polymer networks differing in the position of the 
amide and the structure of the alkyl groups. We showed that the anions ability to salt-out 
these polymers does not depend on the polymer structure and that SO42- > Cl- > Br- > I-. 
Ellipsometry and ATR-FTIR has been used to characterize the surface-attached poly (N-
alkylacrylamides) copolymerized with 3 mol% of methacroyloxybenzophenone (MaBP). 
While ellipsometry was used to derive average water distribution in the polymer coatings, 
ATR-FTIR was used to study the intermolecular and intramolecular interaction between 
the polymer coating, salt and water molecules. 
 
 
 
 
 
 
 
89 
 
7.2 Results and Discussion 
  We investigated the deswelling transition of photo cross-linked poly (N- 
                  
Figure 7.1 Deswelling isobars of N-alkylacrylamides. 
alkylacrylamides) networks with 3 mol % of MaBP as the cross-linker. Figure 7.1 shows  
demixing temperature of the copolymers: Poly(N-n-propylacrylamide), poly(NnPAAm) 
~15°C,  poly(N-isoproylacrylamide), poly(NIPAAm) ~ 30°C, poly (N,N-
diethylacrylamide), poly(N,N-DEAAm) ~30°C, poly(N-cyclopropylacrylamide), 
poly(NcPAAm) ~ 45°C and poly(N-vinylisobutyramide), poly(NVIBAAm) ~ 43°C.  By 
comparing all the copolymers, we observe that below the demixing temperature poly(N, 
N- DEAAm) swells to a lesser extent. This behavior may be attributed to the fact poly(N, 
N-DEAAm) which lacks the amide proton can hydrogen bond at C=O position only.  
Poly(NnPAAm) shows the lowest transition temperature, which is due to the fact that it is 
linear in structure, hence more hydrophobic. By reversing the position of the amide 
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groups as in the case of poly(NVIBAAm) we notice that the demixing temperature is near 
43°C and the transition is more discontinuous. Despite the similarities in the poly(N-
propylacryalmide), the transition behavior of poly(NcPAAm) is more continuous 
showing a demixing temperature of ~ 45°C. The closed structure of the propyl group has 
less accessibility to the solvent molecules, thus making poly(NcPAAm) more 
hydrophilic. 
  Figure 7.2 shows the variation in the dimensionless thickness of poly 
(NnPAAm), over a range of salt concentration (0-2.0M) for Na2SO4, NaCl, NaBr and 
NaI, all carried out at 1°C (Figure 7.2a) and 7°C (Figure 7.2b). The dimensionless 
thickness is defined as (H-Hcollapsed)/(Hswollen-Hcollapsed), where H is the thickness at 
the respective salt concentration, Hswollen  is the thickness in water at 1°C and 7°C 
and Hcollapsed  is the thickness at 35° C . Figure 7.2 (a and b) shows the effect of ions on 
the swelling behavior of poly(NnPAAm). At both the temperature, the deswelling 
isotherms overlap in Na2SO4, NaCl and NaBr, with a slight deviation in the case of 
NaBr at 7°C.  With respect to NaI, there is a considerable deviation in the deswelling 
isotherms, with the deviation being more prominent at 7°C. We notice that NaBr has a 
slight salting-in effect, whereas the salt-in is more pronounced in the case of NaI. 
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Figure 7.2 (a, b) Variation in thickness of poly(NnPAAm) at 1°C and 7°C in between 0-
2.0M salt concentration. 
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For further understanding the influence of ions on the amide and aliphatic 
groups, we used ATR-FTIR to study the behavior of these species. Figure 7.3 shows the 
frequency of amide I (C=O bond) (Figure 7.3b), amide II (N-H bond) (Figure 7.3a) and 
CH stretch (Figure 7.3c) versus the degree of swelling in Na2SO4, NaCl, NaBr and NaI 
at 7°C. We observe that the frequencies of Na2SO4, NaCl, and NaBr overlap, with the 
exception of NaI, which correlates with the salting-in effect as measured with 
ellipsometry. 
 
 
 
 
 
 
Figure 7.3 (a, b and c) Frequency shift of Amide I, Amide II and CH stretch as a function 
of degree of swelling. 
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Figure 7.3 Contd. 
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Figure 7.4 shows the swelling behavior of poly(NcPAAm) in presence of the salts 
carried out at 15 (Figure 7.4a), 24 (Figure 7.4b)and 40°C (Figure 7.4c). Herein, we notice 
that with the exception of Na2SO4, the remaining salts exhibit a salt-in effect. As the 
temperature increases there is an increase in the salting-in effect of NaBr and NaI. We 
observe that even at a temperature of 40°C, a concentration of 2.0M NaBr and NaI is not 
enough to collapse the polymer network. This indicates that NaI shows the highest 
binding effect, followed by NaBr. At 15 and 24°C, we see a slight binding in the case of 
NaCl.  
 
 
 
 
 
 
 
Figure 7.4 (a,b and c) Change in the non-dimensionless thickness of poly(NcPAAm) at 
15, 24 and 40°C. 
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Figure 7.4 Contd. 
Further investigation with ATR-FTIR showed the frequency of vibrations in the 
amide I and amide II band of poly(NcPAAm) at 24°C. Figure 7.5a and Figure 7.5b shows 
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the frequency of amide I and amide II versus degree of swelling in Na2SO4, NaCl, NaBr 
and NaI at 24°C. We notice a similar trend in the frequencies of amide band. In both the 
scenarios the frequencies do not overlap and trend follows the Hofmesiter series. 
Comparing the frequency shift of amide I and amide II, we observe that at a degree of 
swelling of 2.2, a frequency of 5 cm-1 amide II separates NaI and Na2SO4. In case of 
amide I, at the same swelling degree of 2.2, a frequency shift of 2 cm-1 separates NaI and 
Na2SO4. A greater difference in the frequencies of vibrations implies that the ions are 
more accessible to amide II group. 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.5 (a, b) Vibration in Amide I and Amide II of poly(NcPAAm) at 24°C from 0-
2.0M salt concentrations. 
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Figure 7.5 Contd. 
  Figure 7.6 shows the variation in thickness for poly(NVIBAm) at 25, 36 and 
43°C. In poly(NVIBAm) the position of amide groups are reversely placed to that of poly 
(NIPAAm); that is the NH group is now attached to the backbone and C=O is attached to 
the side chain. Comparing the deswelling behavior at the three temperatures we notice 
that NaBr and NaI shows a salt-in behavior, with NaI showing a more salting-in effect at 
43°C. This may be to the fact that at high temperature there is less hydrogen bonding 
which might be causing the NaI to bind with the polymer network. A 2.0M concentration 
of NaI does not drive the collapse of the network. 
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Figure 7.6 (a,b and c) Variation in thickness for poly(NVIBAm) at 25, 36 and 43°C. 
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Figure 7.6 Contd 
Figure 7.7 shows the frequency shift in amide I (Figure 7.7a) and amide II (Figure 
7.7b) versus the degree of swelling at 25°C. Here, the frequency of amide I increase in 
the case of Na2SO4, NaCl and NaBr and show a decrease for NaI. The frequency trend for 
amide II shows a decrease in the vibration frequency for all the salts and overlap with 
each other; hence the vibrations depend only on the degree of swelling. 
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Figure 7.7 (a,b) Frequency shift in Amide I and Amide II. 
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  Considering the individual shift in the amide bands for each polymer in the 
presence of salts, we notice that poly(NcPAAm) and poly(NVIBAm) shows a strong 
dependency on the ions. The average shift in the frequencies of vibration for amide II in 
poly(NnPAAm) is about ~ 9 cm-1, followed by ~ 5 cm-1 for poly(NIPAAm), 4 cm-1 for 
poly(NcPAAm) and ~ 2 cm-1 for poly(NVIBAm). For amide I the average shifts is as 
follows; ~ 2 cm-1 for poly(NnPAAm), ~ 2 cm-1 for poly(NIPAAm), ~ 1 cm-1 for poly 
(NcPAAm) and ~ 2 cm-1 for poly(NVIBAm). By comparing the shifts in amide I and 
amide II, it can be inferred that the amide II is more perturbed by the presence of ions, 
than amide I.  
  From the above mentioned data, it is evident that poly(NnPAAm) has a higher 
degree of frequency of vibration as compared to other polymers. Comparing amide I with 
amide II for the same polymer, it is seen that amide II has a higher frequency of 
vibration. As the frequency of vibration for amide II increases, it provides a negligible 
interaction of anions, whereas amide I having a lesser shift provides enough time for the 
anions to interact with them. Thus, greater shift implies a greater frequency of vibration 
and tends to give a tighter packing of polymer network. 
  By comparing the salts, we notice that NaI shows a more binding effect whereas 
Na2SO4 has a more salting-out effect. The size of I- is larger than SO42-. The larger the 
size of anion, the lesser is the binding of water molecules with it thus producing a lesser 
charge density. This lesser charge density of anions while interacting with the polymer 
network produces a higher osmotic pressure surrounding it and this in turn help the 
anions to be pushed towards the polymer network. On the contrast, small anions like 
SO42- bind the water molecules strongly and coordinate them radially, giving rise to high 
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charge density of anions. This strong radial coordination of water molecules around the 
anion prohibits the interaction with the polymer network. 
7.3 Conclusion 
  In this work, we have shown the deswelling of different N-alkylacrylamides 
when triggered by temperature and perturbed by the salts of Hofmeister series. The 
different structures of the hydrophobic and amide groups determine the swelling 
behavior: poly(NcPAAm) > poly(NIPAAm) > poly(NnPAAm). Comparing poly 
(NVIBAm) and poly (NIPAAm), we notice that the reversal of the amide groups causes a 
difference in the degree of swelling: poly(NVIBAm) > poly(NIPAAm). By perturbing the 
polymers with salts we show that the binding of ion is modulated by the size of 
hydrophobic group connected to the amide. Though dissolution by Na2SO4 is 
independent of polymer structure, dissolution by NaCl, NaBr and NaI depends on the 
structure of the polymer. 
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CHAPTER 8: SWELLING BEHAVIOR OF BILAYER AND THIN FILMS 
8.1 Introduction 
Self assembled layered polymer films are novel materials that are obtained by 
sequential adsorption of polymers of two or more types on solid substrate. First 
introduced by Decher and coworkers this technique is now recognized in diverse 
applications, such as biosensors, drug delivery systems and light emitting diodes.195 The 
design of thin films with precise control of their structures and properties for targeted 
biomedical applications has become important as studies are being done to understand the 
influence of surface or film properties on cellular functions such as adhesion, 
proliferation, differentiation and so forth.  
Multilayered films of thermoresponsive poly(N-isopropylacrylamide), poly 
(NIPAAm) polymers have shown the uptake and release of active ingredients within the 
films. Caruso and coworkers have shown that a dye, Rhodamine B could be reversible 
loaded or released from within or from the multilayer films containing poly(NIPAAm ) 
by simply tuning the solution temperature.196 Zhao et al reported that the decrease in 
cloud point of two different polymers chains was significant than that between polymer 
chains of the same kind. They attributed this behavior to the formation of interpolymer 
complex via intermolecular forces.197 
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Among many techniques to fabricate functional polymer thin films, the layer-by-
layer (LbL) method is one of the most simplest and versatile method to prepare 
multilayer thin films. LbL method utilizes the Coulombic forces between oppositely 
charged species to control step-wise deposition of molecular scale layers. Whereas most 
reports use the LbL to construct multilayers, interest is growing in other areas to fabricate 
multilayers as a result of the limited stability of multilayers towards water, pH and 
competing ions.198  An alternative approach to the assembly of thin films can include the 
deposition of photoreactive polymers on nearly any substrate. 
Multilayered films of photoreactive polymers deposited on a substrate permit a 
stable, covalent attachment between the layers, control over thickness of each layer and 
preservation of the properties of individual polymers. In this work, we have synthesized 
and fabricated multiayers from photo-cross-linkable copolymers of N-alkylacrylamides. 
8.2 Results and Discussion 
The polymer films were fabricated from photo-cross-linkable copolymers 
comprising of benzophenone pendant monomers. Film formation, cross-linking and 
surface-attachement was achieved by spin coating followed by UV irradiation. 
Ultraviolet radiations (λ=350nm) trigger the nπ* transitions in the benzophenone moieties 
leading to a biradicaloid triplet state that abstracts a hydrogen from the neighboring 
aliphatic C-H group, forming a stable C-C bond. The construction of multilayer was 
achieved by sequential deposition and irradiation of the respective polymer network. The 
swollen profiles and vibration of the amide bands of these polymer networks were 
measured by ellipsometry and ATR-FTIR respectively. Experiments were done on 
bilayer of the respective polymer and on the solution mixture of these polymers. 
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Figure 8.1 compares the swelling ratio of each network in a single layer 
configuration to that of a bilayer comprising of these polymer network. Exposure of a 
single layer of poly(NIPAAm)-co-MaBP (3%) at 15°C produced a swell ratio of 2.8 and 
the demixing temperature was observed to be ~28°C. The swell ratio is defined as the 
swollen thickness divided by the dry thickness. Single layer of poly(NVIBAm)-co-MaBP 
measured a dry thickness of 84nm and had a swell ratio of 3.6. The demixing temperature 
in this case was found to be ~43°C.  
 
 
 
 
 
 
 
Figure 8.1 Comparison of swelling ratio of each polymer network. 
In case of bilayers, poly(NIPAAm)-co-MaBP (3%) was deposited first on the 
substrate and then poly(NVIBAm)-co-MaBP on top of it. The dry thickness of each 
network was calculated to be 83nm and 76 nm respectively. These combinations of 
network layers when exposed to water produced an overall swelling ratio of 2.9 and a 
transition temperature of ~30°C. A 70% increase in swelling occurred in a two layer 
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model as compared to 67% and 80% increase in case of single layer model. We do not 
see a distinct change in the transition behavior. The thickness of the layers being too 
small and the similar trend in the transition behavior of poly(NIPAAm) and poly 
(NVIBAm) might be causing an almost continuous transition. 
Figure 8.2 shows swelling change of a single layer of network as opposed to a 
mixture of those polymers. As described above, single layer of, poly(NIPAAm)-co-
MaBP (3%) and poly(NVIBAm)-co-MaBP (3%) when exposed to water increased its 
thickness 2.8 and 3.6 times respectively to its dry thickness measurement. A mixture of 
these polymers when exposed to water produces a swelling ratio and the transition 
temperature of 3.8 and ~43°C respectively. This is calculated to be 70% increase in 
swelling as compared to its original thickness 
 
 
 
 
 
 
 
Figure 8.2 Change of swelling ratio of a single layer of network as opposed to mixture. 
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            Figure 8.3 compares the swelling ratio of bilayers and mixture of poly(NIPAAm) 
and poly(NVIBAm). We observe an increment of 31% in the swelling ratio of mixture of 
polymers compared to its bilayers. The crosslinking within the network and in between 
the layers may be causing in a less degree of swelling. 
 
 
 
 
 
 
 
 
Figure 8.3: Swelling ratio of bilayers and mixture of poly(NIPAAm). 
           We employed ATR-FTIR to compare the vibrations of poly(NIPAAm), poly 
(NVIBAm) and a 50/50 mixture of both the polymers. Figure 8.4 shows the position of 
amide I and amide II of the polymer networks in dry state. The amide I band in poly 
(NIPAAm), poly(NVIBAm) and their mixture consisted of a major peak at 1625 cm-1, 
1646 cm-1 and 1644 cm-1 respectively. The amide II band consisted of a major peak at 
1553 cm-1 for poly(NIPAAm), 1538 cm-1 for poly(NVIBAm) and 1535 cm-1 for the 
mixture. This suggests that the natural humidity is sufficient to hydrate the poly 
(NVIBAm) more than poly(NIPAAm). 
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Figure 8.4 Position of Amide I and Amide II of the polymer networks in dry state. 
           Exposure of the polymer mixture to 15 and 60°C showed the spectral intensity of 
amide I and amide band. At 15°C the amide I showed a peak at 1630 cm-1 and amide II at 
1567 cm-1. Further increase of temperature to 60°C, shifted the amide I peak to 1632 cm-1 
and amide II to 1545 cm-1. The shift in amide II by 22 cm-1 indicates that natural 
humidity is sufficient to dehydrate the amide groups. The spectrum for both the 
temperature is shown in Figure 8.5. At high temperature CH peaks emerges, which is 
attributed to the loss of water molecules around the aliphatic groups resulting in 
hydrophobic interaction. 
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Figure 8.5 Polymer spectrums at 15oC and 60oC. 
             As the layers comprising of poly(NIPAAm) and poly(NVIBAm) did not show a 
significant change, we thought of fabricating a bilayer made up of a more hydrophobic 
polymer such as poly(N-n-propylacrylamide), poly(NnPAAm) and a hydrophilic polymer 
such as poly(NVIBAm). Figure 8.6 shows the ellipsometry measurements of these 
coatings.  
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Figure 8.6 Ellipsometry measurements of different layers.  
           The bilayer shows a two step transition. The dry thickness of the layers is ~ 65 nm. 
We see the first transition near 12°C and the other near 40°C. The discontinuity in the 
transition is not so distinct. This ambiguity is due to fact that the layers are not so thick 
(Figure 8.6).  
8.3  Conclusion and Future Work 
              A bilayer made up of poly(NIPAAm) and poly(NVIBAm) shows a similar trend 
in the transition behavior as a single layer; whereas a bilayer made up of a more 
hydrophobic, poly(NnPAAm) and hydrophilic poly(NVIBAm) exhibits a small 
discontinuity in the transition at two different temperatures. This might be due to the fact 
that the films are not thick enough.  For future experiments, it is proposed to fabricate 
films with thicker coatings to have a better understanding on the swelling degree of these 
layers and the interactions in between them. 
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